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ABSTRACT
In recent years, the increasing awareness of scarcity of water resources, indications of
likely climate variability, and the increasing pressure to use available fresh water
resources more efficiently have together reinforced the need to look at infrastructure
solutions with due regard to environmental considerations and social impacts, present
and future. There is a vital need to apply an integrated approach to catchment
management to implement sustainable solutions to resolve issues such as water supply
and sewerage, drainage and river flooding. Many potentials solutions are available to
control water demand and manage flood problems. Greywater recycling and rainwater
harvesting are novel technologies. However, their catchment scale impacts on
hydraulic and hydrological flows are poorly understood. The research aim is to
identify the hydrologic and hydraulic impacts of scaling up such technologies at
catchment scale. For this particular study, a computer simulation model will be used
to evaluate how increasing urbanisation, climate change and the implementation of
greywater recycling and rainwater harvesting may alter the water balance within a
representative catchment. To achieve these aims data from the Carrickmines
catchment in Ireland have been collected; a simulation model has been adapted to
carry out the study, the model has been calibrated and validated, results have been
analysed, and finally, a sensitivity analysis has been carried out. The results show that
rainwater harvesting systems are comparatively more effective than greywater
recycling techniques in reducing flood frequency and intensity. Under five year return
period rainfall events, the implementation of rainwater harvesting at any scale and
number of units is a useful technique to control river flow and floods. However, the
study also shows that under extreme conditions the efficiency of rainwater harvesting
systems decreases. The study concludes that implementing the two technologies
within a single catchment is not a solution to several forms of hydrological problem.
The study shows that implementing rainwater harvesting or re-use technologies are a
very useful way to protect local freshwater reserves and therefore conserve our
environment.
Keywords: Water network modelling, greywater recycling, rainwater harvesting
systems, Water management, catchment scale.
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1 Chapter 1 Introduction
1.1 Drivers for developing sustainable water
management strategies
Nowadays, we are aware that traditional approaches to urban water management
(such as when traditional approaches refer to centralised supply and wastewater
treatment facilities and systems), contribute to the degradation of waterways,
facilitate the wastage of valuable water resources and no longer respect the
environmental values of society (Brown et al., 2006). Moreover, against the
background of the pressures on water resources and the growing trend for a better
management of wastewater, governments can no longer afford to employ a end-
of-pipe approach to wastewater treatment (Tjandraarmadja et al., 2005).
Water stress occurs when the demand for water exceeds the available amount
during a certain period or when poor quality restricts its use. Water stress causes
deterioration of fresh water resources in terms of quantity and quality and occurs
in both extreme and moderate climates. Growing population and climate change
exert stress on water supply and increase the frequency of floods. The problem is
expected to worsen with urban populations predicted to rise by up to 60% over the
next 20 years (UN, 2005).
Population growth will provoke an increase in demand while water available for
abstraction is clearly limited. Furthermore, excessive abstraction of freshwater
from available sources may cause additional environmental damages, such as low
river flows and higher pollution levels eventually leading to a deterioration in
habitats available for flora and fauna.
New housing developments will also generate a change in land use patterns and
involve an increase in impermeable surfaces. As a result, runoff volume and flash
flooding are likely to increase while the recharge of freshwater to groundwater
might decrease. Thus, changes in land use patterns will not only reduce the
volume of available freshwater resources, particularly in urban areas where water
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demand is highest, but will also significantly increase the risk of experiencing
floods.
The occurrence of water stress and flood problems will be worse in the future due
to the expected effects of climate change. The climate change scenarios developed
by the United Kingdom Climate Impacts Programme (UKCIP) predict a general
increase in temperature. UKCIP has forecast a 50% reduction in rainfall events
and an increase of between 1 to 6° C of the average temperature by the summer of
2100, eventually provoking a net increase in water consumption (Hulme et al.,
2002). As a result, water demand is likely to increase whilst available water
resources are decreasing. Additionally, an increase in effluent discharged into
watercourses is expected during summer times potentially resulting in river
floods. At the same time, a 30% increase in rainfall during the winter period has
been predicted by UKCIP eventually leading to more frequent sewer flooding and
storm overflows from sewage works (Hulme et al., 2002).
To conclude, population increase, urban development and climate change are
expected to severely impact water quantity and water quality and heighten the risk
of floods. There is a vital need to apply an integrated approach to catchment
management to achieve sustainable solutions to provide sufficient clean water for
human consumption as well as reduce the risk of both river and sewerage based
flood events.
1.2 Response options
Over recent years, many technological, regulatory, market and educational
mechanisms have been designed, tested and implemented in order to promote
water conservation and improve the efficiency of water use. The following
paragraphs review and compare the effect of a number of tools and measures:
public education and media campaigns, increasing water tariffs, installing water
meters, using new domestic appliances, creating new sources of freshwater such
as desalination, recycling and re-using of water in the form of greywater and
rainwater harvesting and controlling runoff by implementing Sustainable Urban
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Drainage Systems (SUDS) and green roofs to enhance water conservation to limit
the impact of water stress and floods.
Public education and media campaigns are used to inform the population of the
importance of reducing household water consumption and ways in which this can
be achieved. In the UK, organisations such as the Consumer Council for Water
(CCWater) and Waterwise promote such campaigns as well as water companies,
water saving groups and other stakeholders. Defra (2008) highlights in the report
“Future Water” that government should continue working on organising
campaigns to raise customer awareness of the limit of water resources. For
example, a reduction of 30% in water used following a media campaign carried
out in the 1980s in Melbourne, Australia demonstrates the potential benefits of
educational approaches to water conservation (Beekman, 1998). Campaigns have
also been targeted at business and industry, where information on cost-effective
water saving procedures is introduced. For example, the Environmental
Technology Best Practice Programme (Envirowise) and a scheme to promote
optimum use of water for industry and agriculture dependent on direct abstraction
(coordinated by the Environment Agency (EA)).
Increasing water tariffs is a second instrument to encourage customers to decrease
their water consumption. Examples from Melbourne show that a 10% increase in
water prices resulted in a 5.3% reduction in demand by lower income households
but only a 1.1% reduction by wealthy households (Renwick and Archibald, 1998).
This study supports other work which suggests that the reduction in water demand
is more effective for low and medium income households than for wealthy
households when pricing is used (Sauri, 2003). However, water prices should stay
affordable for all parts of the population. In England, for example, the Water
Services Regulation Authority (Ofwat) has the objective of protecting consumers
by setting price limits that enable efficient companies to deliver the services
customers need.
The installation of water meters encourages indirect water savings by informing
consumers about their water consumption. In the UK, water meters are being
installed in all new housing developments, whereas existing households are
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required to pay for their installation. Currently, 30% of houses have installed a
water meter in England. A 10% reduction in water consumption has been
observed following meter installation (Defra, 2008). Water meter implementation
has also been demonstrated to be helpful in identifying and fixing leakage
problems, dripping pipes and running toilets in households. Metering water is a
useful tool to control water consumption and should therefore be implemented
more widely.
Private households can save water by using new domestic appliances. A two-third
reduction in water has been achieved over the last three decades with modern
machines which use less than 50 litres per wash (Sim et al., 2005). Water saver
showers only use between four and nine litres per minute which accounts for
approximately half the consumption of a power-shower (Environment Agency,
2001). Waterless or vacuum toilets reduce the daily amount of water used for
flushing by 20 % (Environment Agency, 2001). Controlling water temperature
devices can also be implemented to control water consumption (Sim et al., 2005).
To promote these new water saving technologies, the UK government introduced
the Code for Sustainable Homes in April 2007 (Communities and Local
Government, 2008). The objective of building sustainable houses is to reduce the
daily water consumption from 150l/d/p to 105 when Code Level 3 is achieved.
Techniques such as desalination present an opportunity to tap into ‘new’ or
alternative sources of freshwater. However, this approach requires a lot of energy
and as sustainable water management seeks to reduce greenhouse gas emissions,
this option should perhaps be implemented only when no other solution remains.
Currently, Thames Water is building a desalination plant called the Thames
Gateway Water Treatment Plant which will have the capacity to supply 150
million litres of water, meeting the demands of approximately 400,000 households
(Thames Water, 2005).
From the perspective of this thesis however, decentralised treatment strategies
present encouraging options for water conservation and more efficient resource
usage, and can play a particular role in providing affordable and sustainable
solutions to deal with wastewater treatment and discharge (Tjandraarmadja et al.,
Chapter1 Introduction
Nathalie Bertrand Cranfield University PhD Thesis 2008
5
2005). The recycling and re-use of water in the form of greywater and rainwater
harvesting is an efficient way to reduce demands on water resources. For example,
up to 30% reduction in potable demand can be achieved by reclaiming
greywater for non-potable applications (Diaper et al., 2001). Rainwater
harvesting technologies have been reported to reduce water demand by up to 50%
(Villareal and Dixon, 2005). However, so far reuse technology implementation
has been mainly driven by the physical limitation of water scarcity rather than by
explicit precautionary planning (Brown et al., 2006).
Sustainable Urban Drainage Systems (SUDS) and Green Roofs are also being
used to control flood and pollution risks. SUDS are an alternative concept in
planning, design and management systems (CIRIA, 2001). It focuses on people
and the environment, and gives equal consideration to water quality, quantity and
public amenity. Such drainage systems aim to reduce flood risk and pollution and
to improve the urban environment. Green roofs comprise a vegetation layer placed
on top of an existing or new roof which can store up to 60% of incident rainwater
helping to reduce local flood risk. Further benefits are: improved home insulation,
storm water management, sound reduction, air quality improvement and
microclimate effects. Therefore they are particularly useful to control runoff in
areas where urban floods are likely to happen.
To conclude, many techniques and technologies have been developed, tested and
implemented by a range of public and commercial actors to control water usage
and therefore enhance the conservation of water resources. All these instruments
and technologies have to be implemented as a first step toward sustainable water
use. However, the water scarcity and floods problems faced are still present and
will expand in the near future. Therefore, new urban water management
approaches have to be adopted in order to enhance and reduce the impact caused
by traditional approaches to urban water management. Decentralised treatment
and reuse approaches seem to be a promising option to address the problems
faced. This study will focus on identifying possible drawbacks to the widespread
implementation of greywater recycling and rainwater harvesting technologies
within new urban areas. Indeed, both systems are fairly new technologies within
this context and have not yet been widely implemented. Therefore, further
Chapter1 Introduction
Nathalie Bertrand Cranfield University PhD Thesis 2008
6
research needs to be carried out to identify if their implementation at catchment
scale will support the ambitious of urban water management.
1.2.1 Greywater recycling technology introduction
Greywater recycling refers to the reuse of low-polluted wastewater from baths,
showers and hand washing basins which following treatment can be used for non-
drinking purposes such as flushing the toilet, landscape irrigation or washing cars
(Friedler, 2004). Water recycling is considered as one of the main options to
remedy water shortage caused by the increase in water demand due to climate
change and population growth (Burkhard et al., 2000).
In urban areas, greywater is most commonly reused for toilet flushing (Jefferson
et al., 1999; Niemczynowicz, 1999). The balance between the amount of
greywater produced and demand for toilet flushing has been found to be almost
equal. Therefore, if greywater systems are reliable, there is the possibility of
replacing a high proportion of the toilet flushing demand and reduce up to 30 per
cent of mains water usage (Diaper et al., 2001). As a result, the implementation of
greywater recycling involves a reduction of the volume of wastewater discharged
(Tjandraarmadja et al., 2005). This reduction in wastewater volume increases the
potential for septicity, odours, contaminant impacts, and corrosion aspects
(Tjandraarmadja et al., 2005). However, a broad range of technologies are
available to treat greywater such as reed beds, sand filters and Membrane
Bioreactors (MBRs). A complete review of the treatment options and applications
is provided by Pidou et al. (2008).
On-site greywater recycling prototypes at single house scale and in hotels have
shown to result in water savings of up to 23 to 36 % (Birks et al., 2004; March et
al., 2004; Ghisi and Mengotti de Oliveira, 2007). Hydraulic modelling
assessments of greywater system have been conducted using modelling tools to
identify the impacts of such technologies on the water cycle. Specified models
such as the Urban Volume and Quality model (UVQ) were developed to estimate
the water flows and contaminant loads within the total urban water cycle (Mitchell
and Diaper, 2005). A decrease in water demand of 14% was modelled when
greywater was used for toilet flushing.
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Control of sewer flooding is also an important ambition of recycling water. By
reducing the quantity of wastewater produced, the capacity of the sewer network
to cope with heavy rainfall can be increased. Mitchell et al. (2003) and Rueedi et
al. (2005) used the UVQ model to highlight that the use of greywater would lead
to a decrease in sewerage volumes of 6 to 10%.
Despite the proven potential of greywater recycling technologies to decrease
freshwater demand, there are a number of challenges involved in their
implementation and operation. First, many studies carried out on sites recorded
system failure due to design flaws, installation problems, and also maintenance
issues (Birks et al., 2004, Fittschen and Niemczynowick, 1997). Therefore, robust
systems need to be implemented to obtain reliable results in terms of water saving.
Second, whilst research carried out during the past 10 years demonstrates the high
water quality that can be achieved using grey water recycling technologies, it also
illustrates their variability in performance (Pidou, 2008). Techniques which
achieve very good water quality tend to be fairly expensive (Jefferson et al.,
1999), therefore the payback period is long (Nodle, 2005; Ghisi and Mengotti de
Oliveira, 2007), rendering water recycling rather uneconomic.
To conclude, greywater re-use has been shown to be an efficient way to reduce
the demand on source water supply, when the technologies were running
efficiently. The water quality achieved is sufficient for purposes such as toilet
flushing. However, their high payback periods, maintenance and robustness issues
have limited their implementation.
1.2.2 Rainwater harvesting
Rainwater harvesting has been practiced over thousands of years and refers to the
collection and use of rainwater. Water can be collected from roofs and other hard
surfaces around buildings. The aim of collecting and re-using rainwater is to
reduce the use of mains water and limit stormwater problems by controlling urban
runoff. For an in-depth overview of rainwater harvesting technologies and their
practical application throughout the UK refer to Kellagher and Maneiro Franco
(2005).
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Quality analysis of rainwater harvesting has reported high levels of heavy metals
and suspended solids (Burkland et al., 2000). Moreover, microbiological quality
analysis conducted by Albrechtsen (2002) detected pathogens in the collected
rainwater. Efficient treatment techniques, such as membrane technologies or even
simple filtration processes can remove contaminants and raise the water quality to
a level where it can be used for toilet flushing (Kim et al., 2005).
Using sophisticated technologies in rainwater harvesting increases the installation
and running costs. Therefore the payback period of the system will increase; in
general the cost of installation and running can be assumed to be very high
(Niemczynowicz, 1999). However, studies evaluating payback periods vary
greatly in their conclusions: Mustow et al. (1997) estimate a period of 6 to 210
years for costs to be amortised whereas Burkhard et al. (2000) calculated a time
span of 50 years.
As the main domestic use of collected rainwater is to save drinking water,
previous studies (Fewkes, 1999); Mitchell, 2007; Herrmann and Schmida, 1999;
Kellagher and Maneiro, 2005; Rueddi et al., 2005; Villareal and Dixon, 2005;
mainly focused on the efficiency of water saving through rainwater harvesting by
modelling the volume of drinking water saved. All these researches concluded
that rainwater harvesting is an efficient way to save drinking water. Kellagher and
Maneiro (2005) have shown that in the driest regions of the UK, where rainwater
is collected from a roof area of 20m2/ person, the daily water demand could be
reduced by 25l/c/d whereas Rueddi et al.’s study (2005) shows that the use of
harvested water would decrease potable water use by about 6%. Villareal and
Dixon’s (2005) prediction for a large scale rainwater project to be built in Sweden
is more optimistic: almost 40% of potable water demand was forecast to be
reduced when low flush toilets were combined with a rainwater harvesting
system. Villareal and Dixon (2005) also mentioned the potential for rainwater
systems to be connected to large roof areas, which would improve stormwater
management and wastewater treatment.
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The use of rainwater tanks to supplement the existing water supply can also
reduce localised urban flooding, improve stormwater quality and minimise the
influx of stormwater into the sewer system (Coombes and Kuczera, 2002). Studies
have highlighted dramatic benefits in reducing the volume of runoff with
reductions of between 75% to 95% of the annual runoff being achievable
(Kellagher and Maneiro, 2005). However, results also illustrate the potential
limitations of reducing runoff through rainwater harvesting as the runoff decrease
obtained for a 100mm rainfall event was 40% compared to only 20% for a 180mm
rainfall event. Against this background, urban drainage systems are still needed to
control runoff.
The decrease in stormwater and potable water use could be further enhanced by
expanding the size of rainwater tanks and connected roof areas. Herrmann and
Schmida (1999) concluded that the control of urban drainage is better at multi
storey building scale and in densely populated districts. However, the hydraulic
impacts at watershed level of up-scaling rainwater harvesting system innovations
are still unknown and require further research. For example, the cumulative effect
of harvesting rainwater may have an impact on downstream water availability at a
river basin scale (Ngigi, 2003). The expected shifts in water flows in the water
balance could affect both environmental and economic sectors depending on
direct water withdrawals (Rockstrom et al., 2001). Therefore, further study has to
be carried out downstream to identify the possible effects on water availability for
health and environmental impacts, prior to the introduction of the technology.
All the information presented in this section has been obtained from publications
which report the application of small scale models with one system and one sub-
catchment. No modelling studies have been reported in scientific papers which
consider the impact of greywater and rainwater systems at whole catchment scale.
Therefore there is a lack of knowledge about the possible impact of rainwater
harvesting on runoff, downstream flows and on river basin dynamics. As a result
there is a need to investigate the impacts of implementation of recycling and re-
use technologies at catchment scale using hydrological modelling. The assessment
of decentralising the water network to support the extension of cities and the
climate-proof cities will generate a better understanding of and generate some
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guidance to set up the best systems to support urban surface water and wastewater
management (e.g. best location / best size / best technologies) depending on
catchment characteristics. The study will therefore be of benefit to planners and
water managers designing future new developments.
1.3 Aim and objectives
Supplying sufficient water to consumers without damaging the environment is an
emerging problem for many cities around the world. With increasing urbanisation
and population, meeting this challenge will be even more demanding in the near
future. Although the implementation of greywater recycling and rainwater
harvesting has the potential to contribute to a reduction in demand for potable
water and improve stormwater runoff management, the catchment scale impacts
on hydraulic and hydrological flows are poorly understood. The research aim of
the study presented in this thesis is to identify the hydraulic and hydrologic
impacts of increasingly intense greywater recycling and rainwater harvesting
activities at catchment scale.
The results obtained from the study will be used to highlight the benefits of
implementing technologies in new urban areas to obtain efficient use of water
resources and to reduce the frequency and intensity of floods from rivers and
sewer overflows. Findings will enable planners and water managers to design
appropriate sustainable water supply systems for new developments at catchment
scale. Specific research questions to be addressed are:
RQ1: How does the scale up and configuration of greywater recycling systems
influence flooding within the sewer network?
RQ2: How does the scale up and configuration of rainwater harvesting systems
influence flooding within the sewer network?
RQ3: How does the scale up and configuration of greywater recycling systems
influence river flows and flooding?
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RQ4: How does the scale up and configuration of rainwater harvesting systems
influence river flows and flooding?
RQ5: To what extent does the scale up and configuration of greywater recycling
and rainwater harvesting systems reduce the stress on drinking water supply to a
growing population?
RQ6: How are the responses to RQ1-5 influenced by climate change?
RQ7: What combination of technologies and configurations provide robust
performance over different climate scenarios?
For this particular study, a computer simulation model was used to evaluate how
increasing urbanisation, climate change and the implementation of greywater
recycling technology and rainwater harvesting may alter the hydrological balance
of a representative catchment located in the Dublin area (Ireland). The study
evaluated how river flows, sewer flows, surface runoff and flooding events may
be influenced within the catchment under a range of different scenarios. The
results obtained from the study were used to highlight the benefits of
implementing technologies in new urban areas to obtain efficient use of water
resources and to reduce the frequency and intensity of floods from rivers and
sewers overflows. The performance of combined systems was assessed by
identifying an index of robustness for each scenario.
1.4 Thesis structure
This thesis is divided into eight chapters. A literature review was carried out
(Chapter 2) which highlights the importance of using hydrological modelling as a
support tool to provide solutions to improve water management as a whole.
Chapter 3 describes the methodology employed to build the model networks and
scenarios, the data used and the case study background. An uncertainty analysis of
the model also forms part of this Chapter. Chapters 4 to 6 detail the results
obtained when greywater recycling (Chapter 4), rainwater harvesting (Chapter 5)
and combined technologies (Chapter 6) are implemented in new housing
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developments. A sensitivity analysis of the model outputs is reported in Chapter 7.
Finally, Chapter 8 discusses and concludes the results presented in the previous
chapters and introduces the index of robustness of each scenario and the radar
charts. The Chapter outlines recommendations aimed at improving urban water
management.
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2 Chapter 2 Literature review
This chapter will cover all the essential information required to understand this
study. Section 2.1 provides an overview of current water management practices.
The subsequent sections introduce and discuss how modelling tools can support
water management processes, highlighting both their potential as well as
limitations.
2.1 Introduction
Today, water management interventions are primarily planned and applied at
catchment scale, taking into consideration the complex interactions between the
natural environment and human activities. In recent years, prompted by an
increased awareness of the scarcity of water resources, new approaches to water
resources management, such as Integrated Water Resource Management (IWRM)
have become widely used. The Global Water Partnership (GWP) defines IWRM
as “a process which promotes the co-ordinated development and management of
water, land and related resources in order to maximise the resultant economic and
social welfare in an equitable manner without compromising the sustainability of
vital ecosystems” (GWP TAC, 2000).
According to the IWRM framework, environmentally and economically
sustainable development must be based on three fundamental elements. The
ecological element, underlining the importance to be attached to the environment;
the institutional element, calling for the participation of all actors in water
management, and also, the instrument element which stresses the concept of water
scarcity and calls for a more appropriate use of economic incentives to allocate
resources and enhance water management capacities (GWP TAC, 2000).
Within the GWP’s IWRM model the integration of water resource management is
considered within two categories: i) the natural system integration which concerns
the critical importance for resources and quality, and ii) the human system
integration which determine the resource use, the waste produced and the
pollution of the resource. Therefore the key features of an IWRM framework in
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terms of the natural system are freshwater management, land and water
management, surface water and groundwater management, the quantity and
quality in water resources management as well as, the upstream and downstream
water related interests. Features of the human component include the
mainstreaming of water resources, cross-sectoral integration in national policy
development, the macro-economic effects of water developments, basic principles
for integrated policy-making, the influence of economic sector decisions,
inclusion of all stakeholders in the planning and decision process and the
integration of water and wastewater management.
The catchment or drainage basin can be defined as a unit hydrograph, which
receives quantifiable inputs of precipitation which are transformed into flows and
storages and into outputs of evaporation and runoff (Ward and Robinson, 2000).
Therefore catchment management needs to consider a wide range of components
present within the catchment particularly in the context of urban water cycle
(Figure 2.1).
Figure 2.1. Urban water cycle.
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This thesis will explicitly addressed the IWRM agenda by exploring the link
between water efficiency interventions and other dimensions of the urban water
cycle such as flooding and climate change. Finally, the last section Chapter 8 will
resume the outputs of the modelling activities and proposed IWRM plans.
2.1.1 Water Framework Directive (WFD)
This sub-section describes the Water Framework Directive (WFD), at present the
most important European Directive in the water sector providing a coherent
approach to integrated water resources management across Europe. The Water
Framework Directive is a piece of European legislation whose main purpose is to
achieve good chemical and ecological status of all water bodies by 2015. The
directive also aims to reduce and eliminate pollution especially from priority
hazardous substances and to promote sustainable water use, by contributing to the
mitigation of floods and droughts. It introduces the concept of Integrated River
Basin Management (IRBM). The main tasks and deadlines of the WFD are shown
in Figure 2.2.
Figure 2.2. Tasks and deadlines to be met for the implementation of the WFD.
River basin management plans are to be developed for each river basin district in
order to achieve WFD objectives and will also contribute to mitigate the effects of
floods. The river basin management plans will set out in general terms how the
water environment will be managed and provides a framework to help identify
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appropriate interventions. Each plan will include information on the
characteristics of the River Basin District. The management of flood risks will be
determined by the Member States and should be based on local and regional
circumstances due to the variation of flood damages across countries and regions.
Flood hazard maps and flood risk maps will be used to show the potential adverse
consequences associated. Member states will then identify those activities that
have the effect of increasing flood risks. Flood risk management plans will then
be produced and focus on prevention and protection. Member states will then base
their assessments, maps and plans on appropriate 'best practice' and available 'best
technologies'. Figure 2.3 reviews the tasks and time lines of the Flood Directive
(2007/60/EC).
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Figure 2.3. Flood Directive timetable to be implemented of the EU WFD.
Modelling tools are currently used to support water management integrations; the
following sections will introduce hydrological modelling techniques.
2.2 Types of models available
Within the last 30 to 40 years, mathematical models have been developed and
used to simulate and analyse a variety of hydrological processes such as rainfall,
runoff and stormwater flows. Models can be broadly classified in three categories:
physically-based, empirical and conceptual models. In practice, however, models
representing a mixture of these categories are commonly used. Physically-based
models derive from physical principles; they use fundamental equations with
model parameters (Beven, 2001). Empirical models refer to the description of
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relations between inputs and outputs without reference to the physical or
biological processes involved. Conceptual models are developed on the basis of
knowledge of the system and often serve as the basis for a mathematical model
(Van Waveren et al., 1999). The catchment hydrological processes are described
mathematically using parameters that may not have a direct physical meaning.
Models can also be subdivided depending on the nature of the equations
employed. The models as either deterministic or stochastic. When a deterministic
approach is adopted, quantitative results are obtained. However for stochastic
approach, outputs will vary for each run. Models can be further divided into
lumped or distributed models. Lumped models simulate a spatially heterogeneous
area or structure as a single value, while distributed models break the area or
structure into discrete units. Temporal scales present a further criterion for
classification. Static models are time independent while dynamic models include a
time variation. And finally, models can be one-, two, or three-dimensional.
2.2.1 Hydrological modelling to support water management
Nowadays models are widely used in the water sector. Figure 2.4 illustrates the
main steps in the evolution of water modelling from empirical to physical models,
based on reviews carried out by Beven (2001) and Todini (2007).
Today
Unit Hydrograph
19321921
Distributed
hydrological model
1960
Digital Computer
Models
GIS implemented in
modelling
Modelling used as a
catchment management
tool
Empirical Model
1851 1980
Figure 2.4. Review of hydrological modelling evolution (adapted from data collected from
Beven, 2001 and Todini, 2007).
Water modelling started with the rational method processed by Mulvany in 1851
where an empirical model was used for the design of sewers. The model could
estimate maximum runoff and peak flow (Todini, 2007). Later in 1921, for the
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first time the concept of distributed hydrological model was introduced by Ross,
catchments were then divided in zones and a travel time parameter was introduced
to compute runoff (Beven, 2001). However the model was linear and therefore the
routing time determined was the same of each catchment zone. In 1932, Sherman
introduced the unit hydrograph (UH) concept. The UH represents a discrete
transfer function for effective rainfall to reach the basin outlet, it is easy to
understand and is still one of the most common hydrograph modelling techniques
used. The next step was to relate the unit hydrograph more directly to the physical
structure of the catchment and in particular to the channel network. The
hydrological response unit (HRU) was then introduced which allowed an overlay
of spatial databases of soil, vegetation and topography data. It the early 60s the
rainfall-runoff model was introduced within the first watershed model. The model
was a complex conceptual model, with sufficient parameters and flexibility to be
able to produce a reasonable fit to the rainfall-runoff data (Beven, 2001). In the
1970s, models able to simulate storm water quality and quantity appeared
(Zoppou, 2001). In the 1980s, GIS started to be used to implement topography,
vegetation and land use cover over catchment modelled. Nowadays, many types
of models can be chosen to simulate flows and transport of pollutants. They are
able to produce results representing the behaviour of the catchment responses as a
function of time at several locations in the catchment (Zoppou, 2001). Such
models can be combined to cover the entire water cycle in order to support
integrated water management, as illustrated in Figure 2.5.
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Figure 2.5. Integrated modelling: detailed models at small scale and conceptual model at
large scale (adapted from Willems, 2003).
Many hydrological and hydraulic models have been designed and can be used for
such purposes. However, the three most competitive software are MIKE (DHI),
InfoWorks (HR Wallingford) and SWMM (Table 2.1. The software are widely
used to undertake drainage and sewerage master planning or studies, assess the
impact of climate change on urban drainage system, effectively implement
sustainable urban drainage systems (SUDS), undertake hydraulic analysis of
wastewater treatment works, flooding and pollution prediction etc. However, such
software are complicated to use and understand. Therefore only experts can used
them for planning purposes.
Table 2.1. Components of analysis in representative models (adapted from Zoppou, 2001).
Program name Model component representation References
Pipes Open
channel
Retention
ponds
Natural
streams
Rainfall
runoff
MIKE-SWMM b b b b Jia et al., 2007
SWMM b b b Park et al., 2008;
Jang et al., 2007
InfoWorks CS b b b b Butler et al.,
2007 ; Artina et
al., 2007 and
Mark et al., 2004
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To provide user-friendly guidance and support multi-disciplinary modelling,
decision support tools have been designed and implemented to process data
obtained by various hydraulic and hydrological models. For example, the
Modelling and Decision Support Framework (MDSF) applied by the Environment
Agency, provides a structured framework, for instance to support the Catchment
Flood Management Plans (CFMPs) process. The MDSF uses modelling results
generated externally to provide an assessment of flood extent and depth,
calculations of economic damages and social impacts due to flooding, estimation
of uncertainty and comparison of flood damages and social impacts as an aid to
policy evaluation (MDSF handnote, 2004). Other decision support tools have been
designed to support the implementation of the WFD as part of the Integrated
Catchment Water Modelling (CatchMod) project (Arnold et al., 2005). The
objective of the CatchMod project is the development of common harmonised
modelling tools and methodologies for the integrated management of water at
river basin or sub-basin scales, including coastal zones. A similar tool, the
MULINO-DSS was developed to improve the quality of decision making and to
achieve a truly integrated approach to river basin management within the context
of the WFD (Guipponi, 2007).
2.2.2 Modelling approach
The quality of models and their outputs is very important as they directly
influence decision-making processes. First and foremost, hydrological models and
their outputs need to be as accurate as possible. Against this background, there is a
real need to establish guidelines and frameworks to improve the quality of
modelling (Refsgaard and Henriksen, 2004). Refsgaard et al. (2007) for instance
present a modelling framework inspired by their earlier work (Refsgaard et al.,
2005; Pascual et al., 2003). The framework is presented in Figure 2.6 as it
highlights the connection between the water management processes and
modelling processes.
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DecisionImplementation
Water Management Process
2. Data and Conceptualisation
• Collect and process data
• Develop conceptual model
• Select model code
• Review and dialogue
3. Model set-up
• Construct model
• Reassess performance
• Review and dialogue
Modelling Process
5. Simulation and Evaluation
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• Assess uncertainties
• Prepare model study plan
Public Opinion
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Competent Authority
Government
Figure 2.6. Interactions between the five steps of the modelling process and the water
management process (Refsgaards et al., 2007).
The water management process integrates all the key actors involved from the
government to the stakeholders. The modelling process is divided into five steps.
The first step aims to agree on a model study. At this stage the modelling process
and water management process are strongly linked. A level of accuracy must be
agreed by assessing the key sources of uncertainties between modeller and
manager. In the second step, data and knowledge about the selected case study are
reviewed in order to conceptualise how the system should be modelled in
sufficient detail to meet the requirements specified during the first step. During
the third step the model is designed. The fourth step is focused on model
calibration and validation. And finally, the simulations are run and results
evaluated during step number five. The assessment of uncertainty during steps 1,
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4 and 5 emphasises the importance of ensuring the accuracy of modelling results
in order to obtain robust decisions.
2.2.3 Review of modelling methodologies and comparison
with the reference modelling process framework
The following section reviews the methodologies historically adopted by
hydrological and hydraulic modellers and compares them to the framework
introduced in Figure 2.6 (Section 2.2.2). The review is based on survey of the
relevant literature and concludes by stating how knowledge from the review has
been adopted for use in this study.
Coherent with the framework, all the studies reported below start by presenting
the problem to be addressed and the model plan. Often, the objectives of the WFD
or other water policies are listed as project aims. In other words, the majority of
projects are designed to respond to governmental objectives. The framework
emphasises the importance of involving different actors in the decision-making
process. However, none of the papers makes reference to the participation of a
wider range of actors. Possibly, this is due to the fact that the reviewed studies
clearly focus on the modelling aspect of the water management process, thus
failing to report the relation between the actors and the modelling process as well
as final decisions.
Procedures and methods for data collection and catchment selection were reported
in each study. Catchments were described in detail. Data sources and resolutions
for land use and topographical data are frequently cited. A comparison of the
reviewed papers identified variation between data available and catchment
characteristics.
Table 2.2 lists the modelling platforms in the reviewed studies. The authors
usually explain how models are selected, often running different models, and then
selecting the most adequate model based on an uncertainty analysis (Gotzinger et
al. 2006, Booij 2005).
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All the studies reported model calibration. The length of data used for calibration
varies from 6 months to 17 years depending on data availability. Models were
mainly calibrated manually, with the exception of Zhang et al. (2006) and Booij
(2005) who conducted automatic calibration using bespoke software. Where
reported; studies assessed the accuracy of obtained results using the Nash-
Sutcliffe efficiency technique (when a technique was mentions).
In the majority of the reported studies, validation procedures to verify modelling
outputs were carried out, mostly using a different set of data than for the model
calibration (see Table 2.2). Similar to the situation with calibration, data used
during the validation process covered different time spans, varying from 6 months
to 12 years. Finally, the term verification was used instead of validation in two
studies (Table 2.2). Similarly, uncertainty and sensitivity assessment to evaluate
the accuracy of model outputs were not applied consistently (Table 2.2). Of the
reviewed studies only three reported the carrying out of uncertainty assessments.
Two studies reported using a Bayesian approach to assess uncertainty, one study
failed to detail which method was applied.
The duration of final simulation varied between studies with Andersen et al.
(2006) simulating river flows over 30 years whereas Zhang et al. (2006) and
Young (2006) only simulated river discharge over the period of one year.
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The review carried out above assessed modelling practices using Refsgaards’
framework as a guide. It can be concluded that the modelling process adopted by
Booij (2005) closest resembles the Refsgaards framework. All the studies carried out
calibration and validation; however uncertainty and sensitivity analysis are not always
undertaken. Finally, the importance of interaction between water management process
and the modelling processes is not mentioned in any of the papers presented in Table
2.1. The carried out analysis identified the importance of following the detailed
framework. Therefore for the purposes of the study, all the steps detailed within the
water management process and the modelling process will be followed.
2.3 Previous work on catchment level modelling
This section identifies how computer modelling at catchment scale has been used to
enhance catchment management. It reviews previous research which identifies the
impacts of urbanisation and climate change on watershed and sewer network at
catchment scale.
Floods in urban areas can be very complex to predict. The use of models allows the
simulation of flooding events and the interaction between river flow volume and
drainage (Siang et al., 2007). The studies of Thorndahl and Willems, (2008), Stransky
et al., (2007) and Siang et al., (2007) all focused on how storm duration affects
catchment hydrology. Liu (2005), for example, used distributed models whereas Mark
et al., (2004) identified the limits of using a 1D model over 2D using a deterministic
approach. Catchment flood model studies are also carried out along river catchments
which are not specifically located in urban areas. For example, Leister et al. (2007)
used a catchment flood model to determine the impact of localised changes in land
use or management on the entire river catchment. A similar study was carried out in
Australia to model floodplain inundation for environmental flows (Powell et al.,
2007). Estimations of river flood discharges were undertaken in Austria by Merz et al.
(2008). Results were used to produce clear and easily understandable flood maps.
Land use and climate change are both parameters influencing the catchment
hydrology. Therefore, the following section will focus on reviewing previous work on
the impacts of climate change and land use on catchment hydrology.
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2.4 Impact of urbanisation and climate change on
hydrologic and hydraulic flows
The possibility to simulate the interplay between a variety of parameters, such as
precipitation, temperature and evaporation, enables modellers to assess the impact of
climate change on water resources, both in terms of quality and quantity, as well as
flood risks, as illustrated by Booij, 2005; Menzel et al., 2006; Legesse et al., 2003;
Middelkoop et al., 2001 and Semadeni-Davies et al., 2008. Booij (2005) assesses the
impact of climate change on flooding in the river Meuse on a daily basis using
spatially and temporally changed climate patterns. The results showed that climate
change provokes a small decrease in the average discharge and a small increase of
discharge variability and extreme discharges due to storm events. Menzel et al.,
(2006) study the impact of global climate change on regional hydrological dynamics
with special emphasis on discharge conditions and floods. Runoff is simulated under
present conditions over the German Rhine catchment. The study finds a potential
increase in precipitation, mean runoff and flood discharge.
Studies by Legesse et al., 2003 and Sullivan et al., 2004 focus on the hydrological
response of a catchment to climate and land use change in agricultural areas. Legesse
et al.’s study was based in tropical Africa whilst that of Sullivan et al. (2004) was
based in Cornwall (UK). Legesse et al. (2003) developed a physical process model to
evaluate runoff volume under a wide range of hydrological conditions. The study
highlighted the influence of climate change on the catchment hydrology, runoff, peak
flow and annual river flow and discharge. A decrease of 10% in the amount of daily
rainfall during the model simulation period resulted in an average annual decrease in
runoff at the outlet of about 30%. The study also forecasts air temperature influences
on river discharge. Indeed, a 1.5°C decrease of temperature results in a 20% increase
in river discharges whilst a 1.5°C increase would result in a 15% decrease in the mean
annual runoff. The influence of land use was also identified with a 50% land use
change from grass land to woodland causing an increase of 2.5% in evaporation and a
decrease in the mean annual river flow of 8%. Sullivan et al. (2004) found that long-
term changes in the response of the catchment appear to emanate from the cumulative
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impact of climate change, combined with farming activities and urban expansion.
However, no radical change in flood frequency was observed in their study.
Forecasting the hydrological influence of land use and climate change is a major
challenge and an essential component of integrated management of water resources.
Therefore Middelkoop et al., (2001), Semadeni-Davies et al., (2008), and Mignot et
al. (2006a) focused their studies on how the hydrological cycle is influence by land
use and climate change. Middelkoop et al., and Semadeni-Davies et al., assessed the
impact of climate change and urbanisation on drainage and river flows. The study area
selected by Semadeni-Davies et al. was in Sweden whereas Middelkoop et al.,
assessed the average low and peak flow discharges for the entire river Rhine. For both
studies catchment development and climate change were found to provoke an increase
in the frequency and height of storm peak flows. A change in river flow patterns is
observed for both case studies. Middelkoop et al. show the occurrence of low flows to
be more frequent and to last longer during summer periods. As a consequence, water
availability for domestic use, industry, navigation and agriculture will be affected and
as a result water quality and ecology of the river will decrease. The study by
Semadeni-Davies et al. study identified a systematic shift towards higher baseflows
and a sharp rise in stormflows with climate change. Urbanisation promotes increases
in storm peak flows but has limited impact on baseflow. Greater peak flows and
heightened flood risk result from both urban development and climate change. Both
Sullivan et al. and Semadeni-Davies et al. found that urbanisation has a minor effect
on increasing flooding with climate change being the major driver of such events.
Sewer modelling studies have also been carried out to identify the risks of sewer
flooding in big cities. Aradas et al. (2004) for example report how the model which
was developed for the sewer network of the city of Buenos Aires, provided a useful
understanding of the drainage system of the city. Mignot et al. (2006a) illustrate how
a similar project contributed to an urban development plan for the city of Nîmes.
Semadeni-Davies et al., (2008) assessed the impact of climate change and
urbanisation on a combined sewer system in Helsingborg (Sweden) reporting a 318%
increase in total overflow volume when future conditions are compared to today.
Urbanisation and climate change could results in a 450% sewer volume increase
therefore Butler et al. (2007) studied the performance of sewer storage tanks under
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several climate change scenarios. The study was based on the London sewer network
and indicates a 35% increase in the number of storm events that cause filling of the
tank and a 57% increase in the average volume of storage required. Therefore larger
storage tank volumes will be required to maintain the level of flood protection.
Downscaling techniques were used by most of the studies reviewed above (Menzel et
al., 2006, Semadeni-Davies et al., 2008, Prudhomme and Davies (2008), Dibike and
Coulibaly, 2007). The common downscaling technique used is called the Global
Circulation Model (GCM) and report to mathematical models which are used to
simulate the present climate and project future climate with forcing by greenhouse
gases and aerosols (Dibike and Coulibaly, 2007). However, GCMs are generally not
designed for local climate change impact studies and do not permit a good estimation
of hydrological responses to climate change at local or regional scale (Dibike and
Coulibaly, 2007). The study in Canada also used GCMs to model climate change. The
output of the study identifies that the two hydrological models analysed performed
less well and responded differently when precipitation and temperature data
downscaled from GCM were used as inputs. The two models mostly underestimate
the mean river discharges in the watershed when provided with downscaled
meteorological inputs. The authors conclude that before starting any such climate
change impact study, the appropriateness of both the downscaled meteorological
variables and the hydrological simulation models have to be validated based on their
performance in simulating the historical flows in the watershed corresponding to the
baseline climate condition. Butler et al. (2007) also mentioned the huge climate
change uncertainties due to the use of synthetically generated rainfall for present and
future. Moreover, Booij (2005) estimated the uncertainty in river flooding with
climate scenarios to be 40% and less than 10% for current conditions. Prudhomme
and Davies (2008) assessed the uncertainties of climate change impact analyses on the
river regimes in the UK. The study identifies that climate change uncertainties are
higher than downscaling and hydrological uncertainties. The study shows that the
larger source of uncertainties of downscaling modelling is to reproduce the baseline
climate. For all the catchments studied, it has been found that for at least one month
the simulated ranges were 90% outside the natural variability range. Therefore source
of uncertainties are significant and should not be ignored. The authors also conclude
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that GCMs remain the best tools for forecasting future climate change scenarios,
assessing and allowing for their limitations when undertaking a climate change study.
Finally, from the outputs of their studies Sullivan et al. (2004) and Middelkoop et al.
(2001) propose that water management and policy considerations be carried out to
mitigate the social, economical and environmental impacts of land use and climate
changes. Sullivan et al. (2004) highlight the need for a holistic approach to the
management of floods, involving a greater understanding of spatially and temporally
variable hydrological processes operating across a range of scales. Moreover, due to
the potential increases in flood risk related to climate change, it is imperative that the
impacts of field-scale land use changes on peak flows at catchment-scale are fully
recognised. From the output of their modelling study, Middelkoop et al. (2001)
conclude that long term integrated river basin management should be considered due
to the large hydrological changes forecasted from the modelling activities. Policy
fields such as planning, environment and agriculture must be included in the
management plans. However, due to the high uncertainties in the rate and magnitude
of the changes, long terms plans and designs must be flexible. Finally, the authors
conclude that efforts to improve model results for the Rhine basin should focus on
reducing the climate change scenarios uncertainties by improving spatial resolution
and reliable estimates of changes in precipitation amounts and intensity.
2.4.1 Options for reducing modelling uncertainties
Boughton (2006) highlighted that the quality of the results obtained for a modelling
activity is more dependent on the specific data used to construct the model than the
rainfall-runoff model itself in general. Authors such as Ettrich et al. (2005), Mark et
al. (2004) and Stransky et al. (2007) stress the importance of the quantity and quality
of data introduced to the model especially rainfall data and topography to predict
accurate runoff values.
Rainfall-runoff modelling depends heavily on the resolution of rainfall records. A
time step of one hour will provide better prediction than daily river gauge results
(Beven, 2001). Stransky et al. (2007) studied the effect of rainfall measurement
uncertainties on rainfall-runoff processes modelling. The study quantifies the rainfall
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uncertainties to underestimate the runoff volume by up to 15%. Measured rainfall
volumes may be subject to error such as windy conditions, rainfall intensities and
evaporation. An estimation of reduction of up to 20% for rainfall gauges only 30cm
above ground level has been suggested (Rodda and Smith, 1986). Nowadays, radar
rainfall measurements are available and offer a much greater appreciation of the
temporal and spatial variability of rainfall intensities (Beven, 2001). However, radar
rainfall data present important limitations. For example, radar does not measure
rainfall at ground level but above and therefore there are potential spatial uncertainties
of data monitored due to wind (Beven, 2001). Segond et al. (2007) studied the
significance of spatial rainfall representation for flood runoff estimation. The study
compared the runoff volume predicted when rain gauge and radar data are used. Their
findings showed no difference in flow responses modelled with both rainfall data sets.
Moreover, the study also concludes that, with urbanisation increasing and because of
the sensitivity of urban area to spatial and temporal rainfall data, sub-hourly data and
a high spatial resolution (few kilometres) are required and therefore there is a need for
radar data.
Furthermore, the importance of using accurate topographical data as a prerequisite for
generating precise estimates of flood volumes on the surface areas is frequently
stressed (Ettrich et al., 2005, Mark et al., 2004, Mignot et al., 2006a, Haile and
Rientjes, 2005, Mitchell et al., 2001 and Gutierrez Andres et al., 2008). Mark et al.,
2004 and Haile and Rientjes, 2005 conclude that the resolution of a digital elevation
model (DEM) significantly effect simulation results. Siang et al., 2007 recommend
using DEM and remote sensing to improve the accuracy of topographical data and
therefore flood forecasting in urban catchments.
1D models show some limitations when representing and simulating floods due to the
simplification of the formula between pipe network and a surface channel network
which is only a rough approximation of reality. However, Mark et al. (2004) conclude
that urban flooding is a very complex phenomenon. The inability to include all details
in modelling should not discourage attempts to use a 1D modelling approach. Studies
by Mignot et al. (2006b) and Schmitt et al. (2004) used a 2D model to simulate
floods. Based on these results the authors recommend using of a code solving 2D
shallow water equations to assess flood risk.
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2.5 Summary
The literature review highlighted the evolution and availability of modelling software
along the years. The role played by hydrological models to integrate and support
water management has also been identified. In the context of urban water
management, they are particularly useful to help to understand urban hydrology and
therefore forecast to the potential effects of and interlinks ages between new
developments. The Refsgaards framework has been introduced and research carried
out to identify how the presented framework has been followed by modellers to carry
out their projects. The study identified that the framework was well followed;
calibration and validation of the models were systematically carried out. However,
uncertainty and sensitivity analyses have not always been carried out. Therefore, for
the purpose of our study, the framework designed by Refsgaards will be adopted;
Figure 2.7 resumed how the various steps of the framework were divided into the
chapters of the thesis.
Figure 2.7. How the Refsgaards framework will be used for the thesis
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This chapter reviews studies focusing on identifying the impacts of urban
development and climate change at catchment scale. The findings introduced in
Section 2.4 will be used in Chapter 8 in order to contrast the results obtained within
our study.
The literature review also highlighted that the quantity of data available to carry out
the studies varied considerably. Data used in the model needs to be as accurate as
possible to obtain robust results and to avoid errors in forecasting runoff or flood
events, as these outputs will eventually influence the decision-making process.
To conclude, modelling is a very powerful tool which can be used to forecast and
support decisions in order to enhance water management. Nowadays, many software
platforms and are available to carry out a wide range of studies from simple water
demand forecasts, to climate change effects and flood risk assessments. The quality of
the results is dependent on the amount and also the quality of data available. Model
construction also requires accurate topographic data and knowledge of the catchment.
Moreover, calibration, validation and sensitivity analysis requires a critical minimum
amount of data to be carried out.
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3 Chapter 3 Methodology
This chapter will introduce the methodology followed to conduct the study. The
framework proposed by Refsgaard et al. (2007) and introduced in Chapter 2 was
assessed to be a good guideline for carrying out the modelling study. It will therefore
be used to structure the methodology chapter. Refsgaard decomposed the modelling
process into five steps: i) model study plan, ii) data needed and available, iii) model
set-up, iv) calibration and validation and v) simulation and evaluation. Therefore the
following structure will be used in this chapter; the first part defines the study
requirement and assesses the model uncertainties. The second part reviews the data
and computer model selected. The third part is focused on reviewing how the model
was built. The fourth part reviews the model calibration and uncertainty assessment
carried out. And finally, the fifth and final part reports how simulation and evaluation
were carried out in the study.
3.1 Model Study Plan
Chapter 1 already identified the importance and necessity of carrying out this study.
As a consequence, this section details the study requirements and selection of the
study area.
To be able to respond to the aims and objectives of the study (see Chapter 1), the
study area must be subject to new development plans. However, the hydrology and
geology of the catchment are the most important factors influencing the selection of a
suitable catchment for this type of hydrological modelling. A small catchment with an
impervious river system is required, as it is easier to assess the hydrological changes
within a fairly small catchment as the flows and water levels will be more sensitive to
rainfall events and changes in hydraulic stresses than within a bigger catchment. The
criteria required to select the appropriate catchment for the study are listed bellow:
• Catchment size:
A small catchment with a long river system will be ideal for the project as small
catchments are easier to calibrate than large ones.
• Hydrology:
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River system flowing along the catchment.
• Geology:
Impervious geology to avoid phenomenon such as groundwater recharge observed
in chalk rivers for example.
• Gauges present on the catchment:
The catchment should have at least one rain gauge and one river monitoring
gauge.
• Rainfall and flow data:
Rainfall and flow data should be available.
3.2 Conceptualisation
The conceptualisation section introduces the catchment selected and all the data
collected to populate the model and scenarios. The applied modelling software is
presented and the available functions of the tool are described.
3.2.1 Catchment selected introduction
The Carrickmines catchment was selected due to its small area, its non-impervious
and long river system. Moreover, several flood events occurred in the Carrickmines
catchment in recent years. The following two sections review the Carrickmines
catchment geography, land use patterns, urban development phases, hydrology,
climatic conditions and the results of previous hydrological studies.
3.2.1.1 Catchment geography, land use and urban development
The Carrickmines catchment is located in Ireland, south of Dublin in Dun Laoghaire
County, (Figure 3.1). The catchment stretches approximately 9km from west to east
and 6km from north to south. It covers an area of approximately 3,200ha with around
2,000 inhabitants in 2002, the majority of which live in the two towns of
Carrickmines and Shanghanagh.
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Figure 3.1. Geographical location of the Carrickmines Catchment (Source Tele Atlas, 2007).
The Carrickmines catchment is best described as semi-rural with urban areas
accounting for only about 20% of the total land area (Figure 3.2). These urbanised,
largely residential areas are mainly located in the north of the catchment. Detailed
land use data was not accessible but a site visit showed that the southern parts of the
catchment are mainly used for farming.
Shanghanagh
Carrickmines
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Figure 3.2. Carrickmines land use in 2002.
In 2007, Irish economic growth was expected to reach 6%, which represents double
the EU average (Beary, 2007). Due to a healthy economy in Ireland and demand for
new habitation, new residential developments are planned for the future. Figure 3.3
illustrates housing types to be built within the catchment in the coming years, the
photograph on the left shows actual habitation which are fully detached houses
whereas the picture present on the right shows future intensive type habitation to be
built in the catchment.
Figure 3.3. Example of existing housing types in the Carrickmines catchment.
3.2.1.2 Carrickmines catchment hydrology, climatic conditions and past studies
The catchment’s river system is composed of several water courses, primarily flowing
from west to east, Figure 3.5 illustrates the river network. The two largest rivers are
the Shanganagh River in the south and the Carrickmines River in the north, (Figure
Drainage network
Rural land use
Urban land use
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3.4). The topography of the Carrickmines catchment varies from approximately 150m
in the north around the main residential developments to almost 0m at the costal area.
Figure 3.4. Pictures of the catchment water bodies, a) from the Carrickmines river gauge; b) by
at the junction of the Carrickmines and Shanganagh rivers, and c) from the Common’s road
from river gauge.
The major floods recorded at the river gauges are shown in Table 3.1 (HR
Wallingford, 2001).
Table 3.1. Flows observed at the two river gauges during extreme rainfall events.
Peak flow monitored at the river gauges
Date of flood occurrence Carrickmines bridge Common’s road
6th November 1982 5.4m3/s 13.5m3/s
26th August 1986 5.1m3/s 11.5m3/s
26th May 1993 6.9m3/s 14.3m3/s
a)
b) c)
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Figure 3.5 River system network within the Carrickmines catchment.
The annual average precipitation measured over the last 40 years in the Carrickmines
catchment is 726.9mm. Figure 3.6 compares the annual rainfall events observed in the
Carrickmines catchment with the annual rainfall events observed in England and
Wales from 1960 to 1999. For all the observed years, the average rainfall for England
and Wales has been higher than incident rainfall in the Carrickmines catchment.
Carrickmines river
Common’s road
river gauge
River outfall
Shanganagh river
Carrickmines river
Loughlinstown river
Rural area
Construction under progress
Existing urban development
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Figure 3.6. Comparison of annual rainfall in England/Wales and the Carrickmines Catchment
from 1960 to 1999 (Adapted from data provided by HR Wallingford and Met office data assessed
in 07/08).
The majority of sewer networks in Ireland are non-combined systems which provide
separate channels for sanitary sewer and stormwater runoff, meaning that only a very
small amount of rainwater enters the sewer networks. However, a small area of the
Carrickmines catchment is contributing to the sewer network. This area has been
estimated to be 5% of the roof area. Concerning the treatment work facilities available
for the Carrickmines catchment, sewage is treated at the Shanghanagh Wastewater
Treatment Work (WwTW). Due to the close proximity to the sea, the effluent from
the Shangahbagh WwTW is discharged to the sea near Killiney Beach. In 2000,
approximately 65,700 households were connected to the Shanganagh WwTW
(GDSDS, 2005).
Three studies have been carried out by HR Wallingford on the hydrology and
hydraulics of the catchment. In 2001 an assessment of the impacts of urban
development on the hydrological and hydraulic conditions using InfoWorksTMCS and
ISIS was carried out (HR Wallingford, 2001). The second and third studies, (DDC,
2006a) carried out in 2005 assessed the impacts of urban development and climate
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change on the catchment hydrology and hydraulic networks (DDC, 2006b). Summary
findings of the three reports are:
• 35 properties are likely to be flooded for a 50 year return period rainfall event.
• 29 sewer nodes at 14 locations have a flood in excess of 25m3 for 5 year return
period events.
• The construction of the motorway and the impact of climate change will
significantly influence runoff within the Carrickmines catchment.
3.3 Data available for the Carrickmines Catchment
Data were collected from January to June 2006. During a visit to the Carrickmines
catchment (April 2006) and members of the Dun Laoghaire County Council were
consulted to obtain a clearer understanding of the catchment. They provided the
majority of the data used to populate the model, along with the Irish Environment
Protection Agency (EPA) and HR Wallingford. Table 3.2 provides an overview of the
data used to design and run the model for this study.
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3.3.1.1 Irish Water Management context and policies
Ireland is among the European countries with the highest availability of freshwater,
with a relatively high rainfall and low population density. This water represents a key
economic resource as a supply for domestic, industrial and agricultural uses. It is also
important in terms of ecosystem, tourism and leisure uses. Ireland is the only country
in Europe where water is not taxed. Therefore, there are no meters to help for
householders limit their water consumption. As a result, Irish daily water consumption
is very high; it has been estimated by Waterwise to reach 190 litres per person per day
(Defra, 2008). On top of that, in 2000 47% of water has been estimated to be lost
nationally through leakage (WWF, 2003). So far, Ireland has not suffered from water
scarcity due to the huge volumes of freshwater available. Nevertheless, surface waters
suffer from eutrophication caused primarily by agricultural activity; this problem
causes economic and environmental impacts. Moreover, with WFD objectives
focused on promoting good ecological status all over Europe by 2015, Ireland will
have to control and solve point source and diffuse pollution problems. Floods from
rivers and stormwater pipe networks in response to extreme rainfall events often also
occur due to urbanisation (GDSDS, 2005). In 2000, the Office of Public Works
(OPW) identified up to three hundred areas of the country at serious risk of periodic
flooding (WWF, 2003).
In December 2003, the WFD was transposed into Irish law. It designates the Irish
Environmental Agency (EPA) and local government authorities as 'Competent
Authorities'. It also states the duties of each Competent Authority and provides a
framework for coordination between these bodies under each article of the WFD. The
EPA tasks are to identify and map River Basin Districts (RBD), map and categorize
water bodies for the purposes of Article 5 and draw up a programme of water quality
monitoring. The EPA is also in charge of facilitating and promoting the coordination
of activities for Articles 4, 5, 7, 10, 11 and 13 of the WFD (see 2.1.1, Figure 2.2). The
26 local government authorities have been designated to establish the environmental
objectives, the monitoring programmes and the setting up of river basin management
plans. These bodies have overall statutory responsibility for water management. They
also have responsibility for public water supply and wastewater treatment. The
formulation of policies and legislation on water quality, water supply and wastewater
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related services are implemented by the department of Environment, Heritage and
local Government (DoEHLG). Other government departments have various functions
with regard to water quality and water management. For example, the Office of Public
Works (OPW) carries out land drainage and flood protection works.
In Ireland there are four river basin districts (RBDs) wholly within the State: the
Eastern, South Eastern, Western and South Western. In 2004 a characterisation and
analysis of all RBDs in Ireland was undertaken as required by Article 5 of the WFD.
In this characterisation study the impacts of a range of pressures were assessed
including diffuse and point sources pollution, water abstraction and morphology
(EPA, 2008). The WFD provides the option of supplementing the strategic RBD
Management Plans with sub-basin plans. Sub-basin planning deals with particular
aspects of water management either at a smaller geographical scale or in respect of a
particular issue, and could play a key role is securing participation at a local level.
To support the Eastern RBD the Great Dublin Strategic Drainage Study (GDSDS) is
focused on improving urban drainage in the Dublin Local Authorities area and has
been implemented. The two projects aim at protecting water quality through the
implementation of measures to control runoff quality and point and diffuse source
pollutions.
3.3.2 Modelling platform selection
Concerning the computer tool to be used for the study, the modelling tool needed to
be suitable to carry out both hydraulic and hydrological flow and flood analyses such
as rainfall to runoff formation, overland flow and flow in the sewer system. Moreover,
the model needed to allow for greywater recycling and rainwater harvesting systems
to be represented within the tool.
In this research InfoWorksTM Collection System (CS) version 6.5 developed by
Wallingford Software is used as the modelling platform. The main application of the
software is the combination of modelling hydraulic and hydrological models to
predict floods and to support the integrated management of the water cycle which is
required for the purposes of the project. InfoWorksTM CS is widely used by water
utilities such as Thames Water, as well as by environmental consultancies and Local
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Authorities in England and Ireland and has proven to be a robust model in similar
studies. Moreover, previous studies of the Carrickmines catchment have been carried
out within InfoWorksTM CS and a version of the model was provided by HR
Wallingford for the purpose of this study.
InfoWorksTM CS combines two models: a hydrological model simulates runoff
rainfall and a hydraulic model represents flows in pipes (Figure 3.7). The two models
are separated when simulations are running. The software first computes the surface
runoff from rainfall, from which a surface hydrograph is determined for each sub-
catchment. Then, the runoff hydrographs previously computed from each sub-
catchment are used as input for the hydrodynamic model, simulating the flows in
pipes and street systems.
Figure 3.7. Interactions between hydraulic and hydrological platforms in an integrated urban
water modelling approach. (adapted from Mark et al., 2004).
3.3.2.1 The hydrological models
In the context of this work, the hydrological models integrate the urban catchment and
the rainfall events to compute the surface runoff for individual sub-catchments. Two
main types of rainfall data are used in InfoWorksTM CS: observed and synthetic.
Observed rainfall data represents actual rainfall events whereas synthetic rainfall
represents a statistical event of known length and return period, derived from the
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analysis of rainfall records. Rainfall events are distributed uniformly over one sub-
catchment, but variation can be applied over the whole catchment from one sub-
catchment to another. Evaporation is generally considered to be of lower importance
for the within-event representation of rainfall losses. As the amount of
evapotranspiration (Et) is dependent on the weather conditions, it largely varies
according to the time of the year. The amount of evapotranspiration is higher during
summer time than winter. To estimate Et, InfoWorksTM CS uses a simple equation to
represent actual evapotranspiration in the UK and Ireland (Equation 3.1), where Et is
the potential evapotranspiration rate (mm/day) and j is the day number since start of
the year.
Et= 1.5 (1+sin (2 pi j / 365 – pi / 2)) Equation 3.1
The percentage of runoff (PR) is generated as a function of the characteristics of the
ground surfaces in the catchment, and the rainfall-runoff model which is used for each
surface type. This defines how much of the rainfall occurring in a catchment runs off
and how quickly it enters the drainage systems. The runoff equation was designed to
be applied to typical UK urban catchments and is able to represent the transformation
of rainfall into runoff for urban catchment areas contributing to piped and channelled
drainage systems. Equation 3.2, also called the PR Equation, shows how InfoWorksTM
CS calculates PR based on the percentage of impermeability (PIMP) calculated for the
respective catchment (see below), the Urban Catchment Wetness Index (UCWI) and
the index of the water holding capacity of the soil (SOIL).
PR = 0.892 PIMP + 25 SOIL + 0.078 UCWI – 20.7 Equation 3.2
The percentage of impermeability is an important factor in determining the percentage
of runoff in individual sub-catchments. Therefore for each sub-catchment, the
percentage of impervious and pervious surfaces has to be identified in order to
compute PR. The percentage of impervious and pervious surfaces is introduced in
InfoWorksTM CS under the following appellations: R1, R2 and R3. Where R1
represents the roof area connected to the sewer network, R2 the road surface area and
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R3 the pervious area. For each sub-catchment, R1, R2 and R3 have to be calculated
and entered in order to compute the percentage of runoff for each sub-catchment.
InfoWorksTM CS includes a simplistic representation of river cross sections. The river
cross section is divided into a series of panels, in each panel the flow is one
dimensional and is calculated independently. Therefore flow can spill from one panel
to another one. Each section of the channel is considered to be trapezoidal for the
purposes of calculating width, area, and wetted perimeter. The conveyance in the
channel is the sum of the conveyances in each panel.
3.3.2.2 The hydraulic model and sewer transport
The hydraulic model is divided into two virtual platforms, the street model and the
pipe flow model. The street model represents the drainage from the roof and roads
whereas the pipe flow model computes the wastewater flow in the catchment. For
both models, InfoWorksTM CS computes the wastewater flow or stormwater flow.
In the street model and the pipe flow model, hydraulic flows are generated in
conduits, also called links. The conduits' lengths are defined by the distance between
the two respective nodes of each pipe. The gradient of each pipe is defined by the
invert level at the each end of the link. A variety of pre-defined cross-sectional shapes
may be selected for both closed pipes and open channels. Generally, circular cross-
sections are selected to represent pipes within the pipe flow model and open channels
for street drainage within the street model.
Pump systems can be applied within the hydraulic model in InfoWorksTM CS. The
user defines the pumping flow rate and the pump is controlled by the switch-on and
switch-off levels for the water level in the upstream node. A Real Time Control
(RTC) function is also available to set up to control the operation time of the pumps.
In this way, pumping flows can be controlled throughout the system according to the
time and water level in the node.
3.3.3 Modelling flooding
Within InfoWorksTM CS, the flood volume is expressed as a function between the
depth of flooding and the volume of flood. The model indicates the volume of
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flooding at different flood depths in two conical volumes as shown in Figure 3.8.
Therefore, high resolution data on catchment topography are required to compute
water flood volume. Moreover, it has to be noted that floods are simplified. Indeed,
InfoWorksTM CS stores flood water in a virtual reservoir and the stored volumes flow
go back into to the system once capacity becomes available.
Figure 3.8. Flood level representation in InfoWorksTM CS
The way floods are simplified within the stored flood option influences the overland
flow paths that might be happening on the surface. Therefore, newer versions of
InfoWorksTM CS (from version 8.5) incorporate a 2D surface model in order to
account for the complex interactions between surface flows, flow paths and the
network flood events. However, the modelling has been carried out with the version
6.5 as version 8.5 is only available since 2008.
3.4 Model set-up
In order to achieve the aim and objectives of this research, both new urban
development and greywater recycling and rainwater harvesting technologies have to
be implemented within a modelled representation of the Carrickmines catchment.
Section 3.4.1 reports the design of the urban development scenarios, followed by the
specification of the greywater recycling and rainwater harvesting systems in Sections
3.4.2 and 3.4.3 respectively.
3.4.1 Design of the new urban development
Maps provided by the Dun Laoghaire County Council were used to identify the
location of new housing and commercial developments to be built by 2010 (Figure
3.9). Dwelling and business developments are expected to be very dense with 50 to 80
units per hectare (Gough and Cremins, 2004). For the situation in 2050, no
Flood depth 2
Flood area 2
Flood area 1
Flood depth 1
Node ground level
Chapter3 Methodology
Nathalie Bertrand Cranfield University PhD thesis 2008
49
information was available and therefore the remaining urban area south of the
catchment was assumed to be fully developed at the same level of density within the
next 40 years. Table 3.4 details the designed scenario for urban development in the
catchment.
Figure 3.9. 2010 development locations (Information obtained from the Dun Laoghaire
development plan)
Table 3.3. Urban development scenarios extrapolated from development plan
2010 new development area 2050 new development area
Total area of new
development
325ha resident development and
350ha office development
1,284ha resident development
Total Inhabitants 20,000 residents and
10,000 workers
83,600 residents
Inhabitants per
building
72 per domestic and
150 commercial
76 resident development
Number of node1
added to the model
278 residents nodes and
66 office nodes
1100 residents nodes
1for development 2010 and 2050, one node in the Carrickmines catchment represents one building.
3.4.1.1 Urban development implementation in the model
Using the information detailed in Table 3.4, two development scenarios were
designed. To implement urban development within the model, the existing
hydrological and hydraulic components had to be augmented. First of all, sewer
networks using a pipe flow model were designed, then the runoff hydrograph and
Dwelling development Commercial development
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impervious area parameters were updated and finally a street model was specified.
The following paragraph details the methodology used for each of these steps.
To design the sewer network, new nodes representing the new buildings were
specified. Three sewer networks were designed, the first one to represent the baseline
2002 sewer network and the other two to represent sewer networks for 2010 and 2050.
Existing maps of the catchment were used to identify the location of existing
habitations to insert the nodes for the 2002 scenario, 1,225 houses were identified. For
the 2010 scenario, the location of new housing developments was derived from urban
planning maps provided by the Dun Laoghaire County Council (Figure 3.9).
However, the development plan only provides very rough indications of the areas
which will be developed and fails to detail the exact location of new buildings.
Therefore houses and nodes were located randomly within the development areas
outlined by the urban development plan. Due to a lack of plans outlining strategies for
urban development in the catchment beyond 2010, polygons were drawn in the
remaining rural area of the Carrickmines catchment and nodes were then added
randomly to provide a scenario for 2050.
Ground elevation of the implemented existing nodes was identified. However, due to
the unavailability of a full elevation map of the Carrickmines catchment (data not
available) within InfoWorksTM CS, the Network Inference function had to be used to
calculate the ground-level of all newly specified nodes according to the ground-level
of already present nodes. In cases, where the software failed to calculate the ground
level due to too long distances between nodes, the respective nodes were removed and
the scenarios re-arranged.
New urban development areas within the model were divided into sub-catchments
(one sub-catchment per node). The division of the urban area into sub-catchments is
necessary to be able to estimate the contribution of each area to the sewer network
flows. The runoff coefficient (R1) represents the area of roof connected to the sewer
which is calculated using Equation 3.3, with the impervious area = 70% of the new
development, the total roof area = 40% of the impervious area and roof area
contribution to sewer = 5% of the roof area.
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R1= sub-catchment area * Impervious area * total roof area * roof
area contributing to sewer Equation 3.3
The R1 determined through Equation 3.3 is different for each sub-catchment as the
calculation is dependent on the sub-catchment surface area. However the type of
buildings located in the sub-catchments was assumed to be the same in all future
scenarios. The roof area values obtained varied from 0.18ha to 0.0004ha with an
average connected roof area of 0.04ha. To conclude, the method used to calculate roof
area connected to the sewer network overestimates the roof surface area connected to
the sewer network for some sub-catchments. Therefore during heavy rainfall, the
volume entering the sewer will be also overestimated which may promote sewer
flooding.
The wastewater network is designed to move sewerage from the North-West of the
catchment to South-East of the catchment. Due to the hilly topography in the centre of
the catchment, it was impossible to connect all new housing developments and design
one fully gravity fed system for the entire catchment. Pumps could have been added to
connect the sewer networks. The addition of pumps, an option which was considered
to connect the sewer networks, was foregone due to their potential instability. Thus, it
was decided to design individual sewer networks. Once all the pipes were
implemented in the model, the upper and invert levels were calculated using the
Network Inference function available in InfoWorksTM CS. The size of the sewer pipes
was determined based on the literature since data was not available. According to
Reed (1995), sewer pipes should be as small as possible and the minimum pipe size
generally ranges from 75 and 100mm for houses to 100 to 150mm for the upper
reaches of public networks. Eventually, circular pipes were selected with a diameter
of 150mm for all the pipes of the new urban developments within the catchment.
Finally, pipe size had to be increased for some sections due to the flooding observed
during dry events (when no rainfall occurs). Pipe sizes were upgraded from 150mm to
an adequate diameter until no floods happened during a period of 24hours when no
rainfall occurred (Table 3.4).
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Table 3.4. Review of the diameters of pipes.
Number of pipes with the following diameter size (mm)
150 175 200 250 375 300 400 425 475 675
2010 development 353 0 17 1 0 1 2 0 0 0
2050 development 353 251 18 1 55 1 2 17 2 1
Urban drainage systems were introduced to the model to drain storm water to the
river. Urban drainage networks were only designed for 2010 and 2050 scenarios as
the 2002 scenario already had a drainage system implemented. The same
methodology used to design the sewer network was followed. The nodes were added
first, followed by the division of the catchment into sub-catchments, calculation of the
new runoff coefficients, pipe implementation and finally connection to the river
section. To add nodes, sewer nodes were duplicated and their ground-levels were
elevated from 20mAD. Then the polygon was divided into as many sub-catchments as
nodes added per new urban polygon. The runoff coefficient for each sub-catchment
was then calculated to estimate the area of roof and road that are connected to the
street network. Equation 3.4 represents how the runoff coefficient was calculated.
New R1= Roof and Road area not connected to sewer Equation 3.4
The street network is a copy of the sewer network; coordinates of the conduits are
similar. The shape and size of the conduits are rectangular with a width of 1500mm
and a height of 1000mm. The street network drains directly to the river at six
locations and to the already existing street network at three locations. The three street
networks are illustrated in Figure 3.10.
2002 Network 2010 Network 2050 Network
Figure 3.10. The three street network design
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As noted above, Waterwise (Defra, 2008) data estimate the Irish average water use at
about 190 litres per person per day. The Waterwise data highlights Ireland as the third
biggest water consumer of water in Europe after Spain. For example, in the United
Kingdom consumption is estimated to be 150 litres per person per day and in
Germany 127l. Therefore, 150 litres was selected to be the wastewater volume
produced per person for the purposes of the study. Moreover the water usage patterns
have to be taken into consideration within the model in order to have a realistic
wastewater volume and peak flow in the sewer. Therefore to represent the daily
wastewater production per inhabitant the profile in Figure 3.11 was used.
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Figure 3.11. Typical wastewater profile. (from HR Wallingford, 2005)
Finally, a base model design of the Carrickmines catchment implemented by HR
Wallingford has been updated in order to represent the land use changes involved in
the new development. This included updating the percentage of impermeable area and
the runoff hydrographs, Equation 3.5, Equation 3.6 and Equation 3.7 were used to
calculate the new coefficients.
New R1= Initial R1 + total area *impervious area Equation 3.5
New R2= Initial R2 Equation 3.6
New R3= Initial R3 - total area *impervious area of new development Equation 3.7
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Figure 3.12 shows the size and location of the urbanised areas in the three
development scenarios which are detailed in Table 3.5.
Figure 3.12. Final urban development implementation in the Carrickmines catchment.
Table 3.5. Urban development scenarios extrapolated from development plan
2010 new development area 2050 new development area
Total area of new
development
560ha residential development 1,422ha residential development
Total Inhabitant 30,876 residents 82,944 residents
Inhabitants per
node
108 and 150 per house block 256 resident development
Number of nodes
added
261 residents nodes 324 residents nodes
Using the three urban developments designed, three basecase networks have been
built in InfoWorks CS called: basecase 2002, 2010 and 2050 respectively. The three
networks do not include representations of greywater recycling and rainwater
harvesting systems. They will be used as reference conditions blank to identify the
influence of implementing technologies on the catchment hydraulics and hydrology.
2002
2010
2050
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3.4.2 Representation of greywater recycling system
The following sections outline the implementation of greywater recycling
technologies in the base model. Systems are introduced at three different scales,
namely at block scale (one greywater recycling per building), neighbourhood scale
(five buildings connected to one system) and municipal scale (one system for the
whole catchment) in order to investigate the influence of scaling up greywater
recycling systems on the hydraulic and hydrologic performance of the Carrickmines
catchment. Tank sizes, greywater generation profiles and pumping rates are linearly
and proportionally scaled up according to the size of the system.
The initial approach to model greywater recycling was to represent a greywater
recycling system within InfoWorksTM CS. A tank, a pump and an overflow back to the
sewer were implemented. Tank sizes were derived from the relevant literature.
(Sundendran & Wheatley, 1998; Brewer et al., 2000; Gerba et al., 1995; Santala et al.,
1998 ; Friedler et al., 2004 ; Mars, 2004). Table 3.6 shows the size selected for each
development scenario and scale.
Table 3.6. Storage tank size selected for the greywater modelling activity.
Size of the greywater technology tank (m3)
Block Neighbourhood Municipal
2010 development 5.4 27 281
2050 development 12.8 64 832
Greywater system operation was based on 50l of greywater being generated per day
per person and greywater being pumped back to the house twice a day between 07.00
to 08.30 and 20.30 to 22.00. Within InfoWorksTM CS, each node and its respective
catchment is linked to a wastewater profile which generates the wastewater quantity
produced for each particular scenario. A tank was added with a pump and a weir to
represent each greywater system (Figure 3.13). The greywater production profile
determined by Sundendran and Wheatley, (1998) during their study was used to create
wastewater profiles to be used. Figure 3.14 reviews the two wastewater profiles
applied to the hydraulic model to represent greywater recycling systems with WP1
representing the wastewater produced minus the greywater produced per hour and per
head and WP2 representing the quantity of greywater produced per hour and per head.
Chapter3 Methodology
Nathalie Bertrand Cranfield University PhD thesis 2008
56
Figure 3.13. Representation of Greywater re-use system.
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Figure 3.14. Wastewater profiles implemented to represent greywater production (adapted from
Sundendran & Wheatley, 1998).
Figure 3.15 shows the volumetric variation within the three different scales of
greywater system modelled. The way pumps were set up (twice a day between 07.00
to 08.30 and 20.30 and 22.00) influence the level of greywater present in the tank in
Duplicate catchment
Recycling catchment
Node 1
Node 2
Overflow Weir
Tank
Virtually back to
habitation
Pump
Wastewater profile 2
Wastewater profile 1
To sewer network
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such a way that the result of the tank level does not match reality. In order to obtain, a
more suitable tank level, an hourly pumping ratio corresponding to the volume of
greywater usage throughout the day should be implemented. However, due to the
complexity to set up pumps in InfoWorksTM CS it has been decided not to work with
hourly pumping and fixed pumps have therefore been preferred for this study.
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Figure 3.15. Variation of volume in greywater tank over 24 hours.
Because of the difficulty faced to obtain realistic greywater level in the recycling
systems, the tank, pumps and weir were not implemented to represent greywater
within their respective network as they were not needed. Wastewater profiles were
changed from WP3 to WP1 where appropriate (Figure 3.14). However, using this
method the representation of some scales (e.g. neighbourhood and municipal) can not
be achieved. Therefore only block scale applications (referencing to single block with
108 person connected) were explored. Concerning the hydrological model, no change
was required. The sub-catchments and runoff coefficients remain the same as for their
respective basecase networks.
Table 3.7 and Table 3.8 provide a detailed overview of the greywater recycling
systems specifications implemented under each urban development scenario. The
locations of the greywater recycling systems are shown in Figure 3.16 and Figure
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3.17. Habitations in orange do not recycle whilst those in yellow are connected to a
greywater system.
Table 3.7. Design of greywater systems within each scenario
Development Scheme
scale
% of
buildings
connected
Number
of
systems
Number of
total
inhabitants
connected
Number of
inhabitants
per system
Tank
Size in
m3
Existing
development
0 0 0 0 0
Basecase
2010
No
recycling
0 0 0 0 0
20% 52 5616 108 5.4
Block 50% 129 13932 108 5.4
Extended 80% 206 22248 108 5.4
Basecase
2050
No
recycling
0 0 0 0 0
20% 65 16640 256 12.8
50% 164 41984 256 12.8
Extended 80% 260 66560 256 12.8
Table 3.8. Simulation label matrix
2010 2050
% Buildings
connected
20% 50% 80% 20% 50% 80%
Simulation
label
1B2010 2B2010 3B2010 1B2050 2B2050 3B2050
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3.4.3 Representation of rainwater harvesting systems
Having presented the different greywater recycling schemes and their integration into
the hydrological and hydraulic model in InfoWorksTM CS, this section reports how
rainwater harvesting systems were represented in the model.
For each rainwater harvesting system represented within the model, a tank, a pump
and an overflow back to the river system were defined. The most suitable tank size for
rainwater harvesting was determined to be 0.75m3 per habitant connected to the
system, as recommended by Kellagher and Maneiro Franco (2005) (Table 3.9).
Table 3.9. Storage tank size selected for the rainwater modelling activity.
Size of the rainwater harvesting technology (m3)
Household Neighbourhood Municipal
2010 development 81 405 4212
2050 development 192 960 12480
Roof area sub-catchments to which the rainwater harvesting systems could be
connected were generated. The runoff coefficients applied to the re-using sub-
catchments were calculated from Equation 3.8 (CIRIA, 2001). This runoff coefficient
indicates how much rainwater is entering the rainwater harvesting tanks. It is
dependent on the roof area, the filter coefficient and roof coefficient. The filter
coefficient was assumed to be equal to 0.9 and the roof coefficient equal to 0.85
(CIRIA, 2001).
Recycling catchment R1= Roof area * Filter Coefficient * Roof
Coefficient
Equation 3.8
Figure 3.18 resumes the approached followed to represent rainwater harvesting
systems within InfoWorks CS.
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Figure 3.18. Representation of Rainwater harvesting system as implemented in InfoWorks CS.
The rainwater recycled for household use was assumed to be pumped and recycled
twice a day between 07.00 to 08.30 and 20.30 to 22.00 at the rate of 50l per day per in
habitant. For each scenario an adequate Real Time Control (RTC) file was set-up in
order to pump the right amount of water. An overflow system was applied to each
tank in the shape of a weir which was connected to the nearest street network and
river network.
As the implementation of rainwater harvesting systems does not influence domestic
water consumption, the wastewater profile applied to the sewer network (see Figure
3.11) remains unchanged. However, the runoff coefficients of all the sewer sub-
catchments connected to rainwater harvesting systems are set to 0 as their roofs are no
longer connected to the sewer network.
In the hydrological model, the street network had to be updated for each appropriate
sub-catchment. The runoff coefficients of streets in sub-catchments connected to
rainwater harvesting systems are set to 0 as their roofs and roads are no longer
connected to the street network. It also should be noted that the tank overflow weirs
Recycling catchment
Node 1
Node 2
Overflow Weir
Harvesting tank
Virtually back to
habitation
Pump
Wastewater profile 3
To sewer network
Rainfall
Roof area connected
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were connected to the hydrological drainage conduits, and therefore were draining
directly to the river.
Table 3.10 and Table 3.11 provide an overview of the specifications of the rainwater
harvesting systems integrated into the networks. The location of rainwater systems are
shown in Figure 3.19 and Figure 3.20, in orange habitation which does not recycle can
be seen whilst those in yellow are connected to a rainwater harvesting system.
However, the rainwater harvesting scaling-up at block and neighbourhood scales
under development 2050 could not be built and implemented within model due to
software limitations on the number of allowed nodes. Indeed, the InfoWorksTM CS 6.5
version available to run the simulation is limited to a total of 2,000 nodes. Therefore
under the 2050 urban development, only the rainwater harvesting at municipal scale
has been assessed.
Table 3.10. Design of rainwater harvesting systems within each scenario
Development Scheme
scale
% of
buildings
connected
Number
of
systems
Number of
total
inhabitants
connected
Number of
inhabitants
per system
Tank
Size in
m3
Existing
development
No
recycling
0 0 0 0 0
Basecase
2010
No
recycling
0 0 0 0 0
20% 52 5616 108 81
Block 50% 129 13932 108 81
Extended 80% 206 22248 108 81
Urban 20% 10 5400 540 405
development Neighbour 50% 26 14040 540 405
2010 80% 40 21600 540 405
20% 1 5616 5616 4212
Municipal 50% 1 13932 13932 10449
80% 1 22248 22248 16686
Basecase
2050
No
recycling
0 0 0 0 0
Extended 20% 1 16640 16640 12480
Urban Municipal 50% 1 41984 41984 31488
development 80% 1 66560 66560 49920
Table 3.11. Simulation matrix
2010 2050
% Buildings
connected
20% 50% 80% 20% 50% 80%
Block 1B2010 2B2010 3B2010
Neighbourhood 1N2010 2N2010 3N2010
Municipal 1M2010 2M2010 3M2010 1M2050 2M2050 3M2050
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3.5 Calibration and validation
The terminology associated with modelling processes and tools has been the cause of
much confusion as reported by Refsgaard and Henriksen (2004): there are no
coherent, widely accepted definitions for some of the key terms and they are often
applied inconsistently. The terms ‘validation’ and ‘verification’ are often confused.
For example, Zhang et al. used the two terms in two papers published in 2005 and
2006 to refer to the same modelling approaches. In the following paragraphs, key
terms used throughout this thesis will be defined.
The goal of model calibration is to ensure that parameter values results in outputs that
match the ‘real-world’ as closely as possible (Van Waveren et al., 1999). To do so, real-
world data are compared with the results obtained by the model, and then parameters
are modified where needed. They can be modified manual or automatically using
computer software. Calibration is an essential part of the modelling process in order to
predict accurate results.
Validation is defined as establishing the usefulness and relevance of a model for a
predefined purpose (Van Waveren et al., 1999). In the case of predictive models, model
validation mainly seeks to assess the prediction accuracy. Therefore, the modelling
outputs are compared to real-world data. It should be noted that the data sets used for
model calibration and validation should differ, this is due to the fact that the model
parameters were modified in order that output results obtained with calibration data
match the observed data. Therefore using a different set of data will able to assess if
the model is 'good' to reproduce.
An uncertainty analysis determines the degree of uncertainty each component of the
model contributes to its outputs. Uncertainties may arise from natural and inherent
uncertainty, model uncertainty, and parameter uncertainty. McIntyre et al. (2002)
defined uncertainty analysis as “The means of calculating and representing the
certainty with which the model results represent reality”. The difference between
modelled results and observed data can result from: i) model parameter errors (e1), ii)
model structure errors (e2), iii) numerical errors in the model implementation (e3), iv)
boundary conditions (e4). Field data are only an approximation of reality and data
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error can arise from: i) sampling errors (e5), ii) measurement errors (e6) and iii) human
reliability (e7). The model uncertainty can be represented as Equation 3.9.
Model- e1 - e2 - e3 - e4 = Observation- e5 - e6 - e7 Equation 3.9
Sensitivity analysis evaluates how sensitive model outputs are to changes of model
inputs (Smith, 2007). Most of the variation of outputs is generally caused by a small
number of inputs. Sensitivity analysis is executed as part of the calibration process.
Sensitivity analysis can help the modeller to measure model adequacy, and relevance,
to detect interactions between factors, to establish priorities for research and to
simplify the model structure. In general, sensitivity analysis is performed by
modifying the values of model parameters by various quantities, re-running the
model, and computing the changes in model output relative to its output with initial
parameters values. The most common method is ‘one-at-a-time’ sensitive analysis. In
this method, one input parameter at a time is varied with all the other inputs kept at
nominal values.
3.5.1 Model calibration
As described above the calibration process aims to adjust the parameter set of a model
in order to reduce the difference between model predictions and monitored data of the
real system to a minimum. Once the model is built, test simulations are compared to
observed data and eventually, parameters are adjusted using manual or more
sophisticated calibration procedures. For this study, manual calibration methods were
applied involving the running of multiple simulations based on which parameter
settings were corrected.
The base hydrological model of the Carrickmines catchment had already been
calibrated by HR Wallingford prior to the outset of this study. However, a sensitivity
analysis was carried out to estimate how well the model matched the real context as
reported below in Chapter 7.
The hydraulic network design for the existing development (2002 scenario) was
calibrated using the data collected by the Shanghanagh WwTW. Data on wastewater
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flows through the wastewater treatment plant were available for the period starting the
9th of January 2006 and ending the 31st of January 2006. The objective of the
calibration process was to set up the sewer outfall mass balance and the shape of the
peaks as close as possible to the results provided by the Shanghanagh WwTW. The
sewer calibration was carried out in two steps. The hydraulic model calibration was
first performed during dry weather flow (DWF) conditions in order to obtain a mass
balance that would fit observed conditions. Total daily flow data recorded from the 9th
of January to the 31st of January 2006 were used to calculate the mean total daily flow
discharge into the sewer during a dry period. Once the mass balance was set up, peak
flow intensity was calibrated. It has to be mentioned that the rainfall data available
only specified the amount of rainfall per day. Rainfall event intensity was estimated in
order to match the peaks flows of the monitored data. Figure 3.21 compares the
modelled and surveyed total daily wastewater volume obtained for the calibrated
period. It can be observed that the model is over estimating sewer flows for small
rainfall events and under estimating flows for bigger storm events. The correlation
gap is most likely a function of the lack of suitable data with which to design the
sewer network.
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Figure 3.21. Calibration hydrograph of the sewer network.
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3.5.2 Validation
Model validation is crucial if we want to ensure that models and their outputs
resemble the real world context as accurately as possible. Due to the lack of
wastewater flow data available, validation of the designed sewer network could not be
carried out. However, river flow data collected at the two river gauges and rainfall
events data available were used to validate the river system.
First, short validation simulations were carried out. The validation was conducted for
the three heavy rainfall events which occurred on the 13th of December 1984, 25th of
August 1986 and 11th of June 1993. For those three events, hourly rainfall data were
available from HR Wallingford. The 26th of August 1986 rainfall event was reported
one of the biggest floods in the history of the Carrickmines catchment. During the
rainfall event on 13th of December a total amount of 58mm of rainfall has been
recorded, on the 11th of June 1993 June 125mm of rainfall spread over seven days and
to 101mm on the 26th of August 1986. Using different rainfall events to validate the
model will help determine how accurate the predictions are.
In order to evaluate the goodness of fit between measured and simulated data, the
Nash-Sutcliffe simulation efficiency index (ENS) has been chosen for hydraulic
simulations. The Nash-Sutcliffe simulation efficiency index (ENS) is calculated using
Equation 3.10.
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The coefficient evaluates the performance of hydrological models by measuring how
well the simulated results predict the measured data relative to simply predicting the
quantity of interest by using the average of the measured data over the period of
comparison. The values of ENS vary from negative infinity for a poor model to 1.0 for
a perfect model. A value of 0.0 means the model is better predictor of the measured
data than the measured data average. A major disadvantage of Nash-Sutcliffe is the
fact that the difference between the measured and simulated values are calculated as
squared values and thereby places emphasis on peak flows. As a result the impact of
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larger values in a time series is strongly overestimated whereas lower values are
neglected. Values should be above zero to indicate minimally acceptable
performance.
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Figure 3.22. River validation 13th of December 1984 event at the Carrickmines river gauge.
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Figure 3.23. River validation 13th of December 1984 event at the Common's road river gauge.
Figure 3.22 and Figure 3.23 shows an underestimation of the river flow during the
rainfall event, therefore the Nash-Sutcliffe coefficient estimated is really small with a
value of 0.57 for Carrickmines river gauge and 0.04 at Common's road.
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Figure 3.24. River validation 25th of August 1986 event at the Carrickmines river gauge.
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Figure 3.25. River validation 25th of August 1986 event at the Common's road river gauge.
Figure 3.24 and Figure 3.25 show a good fit of the peak flow at the two river gauges.
The Nash-Sutcliffe coefficient estimated is higher with a value of 0.79 for
Carrickmines river gauge and 0.82 at Common's road. The river base flow model is
lower than the monitored values. The model fails to identify floods at the two river
gauges for the August 26th 1986 event, when, in reality, major floods were observed.
However, simulation outputs forecasted floods not far from the two river gauges
stations. Therefore, it can be concluded that the model is comparatively more accurate
in predicting river peak flows during storm events than during small rainfall events.
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Figure 3.26. River validation 11th of June 1993 event at Carrickmines river gauge.
Figure 3.26 emphases the results obtained from the two previous simulations with the
river base flow model always lying below the monitored base flow. This explains why
the modelled peak flows tend to be lower as well. Further one year duration
simulations were carried out to validate the model. However, the lack of detailed
rainfall data did not permit conducting useful long term simulations. To conclude,
river peak flows are predicted fairly accurate by the model. The peak flows are
slightly underestimated due to a lower base flow in the model.
3.6 Simulation and Evaluation
Rainfall event scenarios were generated using two sets of storm events. First of all, a
series of storm events were simulated to undertake the hydraulic assessment of the
Carrickmines catchment. A total of 42 storms were run. Storm events were generated
in InfoWorksTM CS using the UK rain event generator, on the following basis:
• Return Period (years) 1yr, 5yr, 10yr, 20yr, 50yr and 100
• Durations (minutes) 30, 60, 90, 120, 180, 240, 480
Secondly, in order to determine the hydrological response of the catchment during
frequent and intensive rainfall events, the top 100 events from each of the 5-year and
100-year stochastic series were selected. The rainfall time series were designed by HR
Wallingford using the Time Series Rainfall Simulations (TSRsim) tool. Where
TSRsim is a continuous or discontinuous record of individual rainfall events
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generated artificially or selected real historical events, which are representative of the
rainfall in the area. The present day series was calibrated against hourly data from the
Met Office Greenwich rain gauge. The future series was developed based on six
hourly outputs from the Hadley Centre Climate Change Model (HadRCM2) for the
medium high scenario for the United Kingdom Climate Impacts Programme 98
(UKCIP98) analysis. HadCM2 refers to a mathematical model used to design climate
change scenarios. Also, two set of 5 year continuous rainfall data were available, one
from 1981 to 1985 which represent present rainfall conditions and the second set from
2075 to 2079 also named future conditions to run long simulations.
Table 3.12 provides an overview of the simulations run for rainwater harvesting,
greywater recycling and combined technologies scenarios. In this table, the terms
‘frequent’ and ‘extreme’ refer to 5 year return period events and 100 year period
events.
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3.6.1 Results
For each simulation run, the following standard results were abstracted:
• total wastewater volume produced,
• total wastewater flood, volume, depth and location,
• total river flow,
• river flow at the two river gauges,
• river flood volume, depth and location, and
• volume of water re-used.
Individual results were first compared with the basecase results to identify the
hydrological and hydraulic influences of each technology scenario. The reductions of
wastewater volume, river volume, floods and of water supply were calculated. Data
was extracted from the storm events simulation runs, particularly on peak flows, total
wastewater volumes and river water volumes. Furthermore, return periods were
analysed to determine the performance of each individual pipe in the sewer network.
In order to carry out an adequate comparison of the obtained results and determine
which technology combination will have a better influence on the catchment
hydrology, indexes were determined using four sets of Top 100 events results. The
calculations are presented in more detail in the following Section 3.6.2.
3.6.2 Comparison analyses
The following Section introduces and details the methodology used and designed to
conduct the comparison analyses. The method has been designed by Udale-Clarke and
Kellagher (2007) to assess the sustainability of urban drainage by comparing all the
results obtained per scenario. The methodology designed by HR Wallingford has been
adapted for the purpose of our study. For the purpose of the analyses, the performance
observed for each scenario has been quantified in a way that takes account of all the
results. In other words, the results obtained for the four set of Top 100 events (under
extreme, frequent, past and present events) (See Section 3.6 and Table 3.13 for more
details) were compared with the 2002 basecase to generate a set of "comparison
coefficients".
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Four sets of coefficients were designed to compare the final results:
i) the peak flow coefficient, which identify the influence of each scenario to
control river flow and therefore flooding.
ii) the runoff volume coefficient, which provide understanding of the influence of
each scenario to control running water within the catchment.
iii) the sewer volume coefficient, which assess the ability to control the volume of
water within the sewer network and therefore sewer flooding.
iv) finally the volume of re-used water coefficient, the results highlight the
performance to save drinking water.
The four coefficients were calculated as follows:
The peak flow (PFC) coefficient was calculated using Equation 3.11.
N
AGiDi
PFC
N
i
∑
=
−
=
1
/
Equation 3.11
Where Di is peak flow rate of event i (m3/s); Gi basecase 2002 peak flow rate of event
i (m3/s); A is the site area (ha); and N the total number of events.
The runoff volume coefficient was calculated using Equation 3.12.
N
AGiDi
RVC
N
i
∑
=
−
=
1
/
Equation 3.12
Where Di is runoff rate of event i (m3/s); Gi basecase 2002 runoff rate of event i
(m3/s); A is the site area (ha); and N the total number of events.
The sewer volume coefficient (SVC) was calculated using Equation 3.13
N
AGiDi
SVC
N
i
∑
=
−
=
1
/
Equation 3.13
Where Di is total wastewater volume rate of event i (m3/s); Gi basecase 2002 total
wastewater volume rate of event i (m3/s); A is the site area (ha); and N the total
number of events.
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The volume of re-used water coefficient (VRC) was calculated using Equation 3.14.
N
ADi
VRC
N
i
∑
=
=
1
/
Equation 3.14
Where Di is total volume of water re-used of event i (m3/s); A is the site area (ha); and
N the total number of events.
The comparison indices are summarised in Table 3.13. The obtained coefficients were
grouped to represent a value in a range of 1 to 7, which will be referred as the
comparison index. The radar charts have been divided in 7 indices in order to obtain a
clear representation and highlight difference between scenarios.
Table 3.13. Comparison indices tables
Comparison
index
PFC SVC VRC RVC
1 0 to 0.5 0 to1 >1 <10
2 0.5 to 1 1 to 2 0.8 to 1 10 to 20
3 1 to 1.5 2 to 3 0.6 to 0.8 20 to 30
4 1.5 to 2 3 to 4 0.4 to 0.6 30 to 40
5 2 to 2.5 4 to 5 0.2 to 0.4 40 to 50
6 2.5 to 3 5 to 6 0 to 0.2 50 to 60
7 3 to 4 6 to 7 0 >60
Once the indices are calculated the robustness of each scenario will be presented as a
radar chart (Figure 3.27). And where index equals at 1 represent an important
reduction of the initial volumes. The radar charts integrate all the results obtained and
compared the influence of each scenario to control the problems faced by centralised
wastewater system, introduced in Chapter 1 (such as river and sewer flooding and
water scarcity). Therefore, the comparison analysis presented in this section will help
ranking the tested scenarios carried out all along the project. As a result, the most
appropriate approaches (technologies combination, size and number) to enhance water
management will be determined.
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Figure 3.27. Example of comparison radar chart.
3.7 Methodology summary
This Chapter has reviewed the methodology used to carry out the study. Figure 3.28
resumes the steps followed to design and built the 25 networks used designed for the
study.
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Carrickmines
catchment
Greenfield (2002) Basecase 2010 Basecase 2050
Existing sewer
designed
Hydrological
validation
Existing sewer
designed
Designed
drainage system
Greywater recycling
(3 networks)
Rainwater harvesting
(9 networks)
Existing sewer
designed
Designed
drainage system
Greywater recycling
(3 networks)
Rainwater harvesting
(3 networks)
Greywater and rainwater
combined (4 networks)
Sewer
Calibration
Figure 3.28. Summary of the steps followed to design and build the model.
A total of 10,290 simulations have been carried out, 10,260 were fast simulation (24
hours simulated) which took approximately ten minutes for InfoWorksTM CS to
execute each simulation. Concerning the 30 others simulations, continuous five years
simulations have been conducted and therefore are considered as long simulations.
Running long simulations within InfoWorksTM CS can be extremely long in term of
time needed to simulate, and will also generate some extremely large files (over
100Gb have been obtained). Moreover time needed to extract data from InfoWorksTM
CS was extremely long (more than 3 hours to extract some river flow data).
The data obtained were stored within two external memory disks, one of 250Gb
capacity and the other one of 550Gb. Several times, the maximum capacity of storage
has been reached. Therefore, stored simulations had to be deleted once results were
extracted. The shortage of memory caused failures and stopped the software several
times when simulations were running.
The problems of memory and time faced to carry out long simulations have obliged to
simplify the network and scenarios used. Finally, the 30 long simulations were
Chapter3 Methodology
Nathalie Bertrand Cranfield University PhD thesis 2008
78
focused on the surface management of the Carrickmines catchment rather than on the
hydraulic part of it. Nevertheless, each simulation took over one day to be completed
and the size of the simulation exceeded (52,000Kb).
Once simulated, data needed to carry out the analyses (river peak flow, runoff,
wastewater flows, etc) were extracted or exported directly within Excel database
using the statistical functions or tools provided by InfoWorksTM CS. As mentioned
above, for long simulations, the time needed for the computer to calculate data and
extract them was extremely long; therefore the extractions for long simulations have
been done overnight. The extracted results were passed to Excel or directly extracted
under excel format file (CSV Excel file).
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4 Chapter 4 Greywater results
This chapter presents the results obtained for the greywater recycling scenarios. The
Chapter is divided into four sections. Section 4.1 presents the influence of greywater
recycling systems on the wastewater network. The variations in wastewater volumes
produced are compared with their respective basecase scenario values and the
influence of greywater recycling on flood control is assessed. The influence of
greywater recycling systems on the catchment hydrology is then presented in Section
4.2. River peak flow at the two river gauges, level of flood along the river and the
variation in total volumetric flow in the river were compared with the basecase
scenarios. Section 4.3 then quantifies the amount of drinking water saved when
greywater recycling systems are implemented. This chapter concludes with a
comparison of sewer volume, river peak flow, runoff volume and drinking water
volume saving obtained under the four top 100 scenarios (see Section 3.6.1). Finally,
the results of the comparison analysis are introduced.
4.1 Influence of greywater recycling on the
wastewater sewer network
This Section will illustrate how the implementation of greywater recycling at different
scales affects the wastewater sewer network. First the total wastewater flows are
presented, and then the reduction and the ratio rainfall/wastewater are introduced.
Finally the influence of greywater recycling on sewer floods will be presented.
4.1.1 Variation of total sewer volume
In order, to assess to what extent greywater reuse reduces the wastewater volume
within the study area, the scenarios presented in Chapter 3 were simulated with i) the
designed storm events and ii) the top 100 frequent and extreme events under present
and future conditions. All the simulations were executed over a 24 hour time period.
The total wastewater volume at the outfall of the sewer network was extracted for
each simulation to provide a comparative analysis of the wastewater volume for
rainfall events under the different urban development scenarios. Figure 4.1 and Figure
4.2 combined the results obtained for both sets of rainfall data (designed and existing)
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and express the percentage excess of total wastewater flow obtained for each
simulation. In both figures, 1B refers to 20% of the houses connected to greywater
recycling systems, 2B to 50% and finally 3B to 80% (See Table 3.12 in Section
3.4.3). For each figure, four set of rainfall simulations results are presented for: i)
Frequent event rainfall under present conditions, ii) Frequent event rainfall under
future conditions, iii) Extreme event rainfall under present conditions iv) Extreme
event rainfall under future conditions. Where frequent rainfall events refer to a five
year rainfall return period event (M5) and extreme event to a 100 year return event
(M100). Under existing condition refers to real rainfall event data monitored between
1981 and 1985 whereas under future condition rainfall data introduced climate change
conditions to the modelling activities and refer to five years computed rainfall data
(starting in 2075) (See Table 3.13 in Section 3.6 which resumes simulation carried
out).
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Figure 4.1 and Figure 4.2 identify a systematic reduction of the wastewater volume
discharged in the sewer network for all the scenarios when compared to the respective
basecase scenario. We can observe that the reduction of wastewater is linked to the
number of technologies implemented, in other words the more houses are connected
to greywater recycling system the less wastewater will be discharged.
Figure 4.1 and Figure 4.2 also highlight the fact that the designed rainfall events are
more intense than the four sets of top 100 events. For example, the wastewater
volume obtained with the rainfall data designed by HR Wallingford under frequent
events under present conditions never exceeds the total volume of wastewater
obtained with the rainfall event designed by InfoWorksTM CS, 5 year return period
240 min (also called M5-240) duration events. The results highlight an important
influence of rainfall on the volume present in the sewer network. When results
obtained for the top 100 events under frequent and extreme conditions (both under
present conditions): were compared, a maximum increase of 34% of total wastewater
volume was observed between frequent and extreme events; however the observed
average increase was only 6.6%. Similar analysis was carried out between present and
future rainfall condition and a maximum difference of 20% was calculated and the
average difference observed was 4.5%.
Table 4.1 summarises the volume of and reduction in wastewater flows obtained.
Furthermore, results show that the wastewater volume reduction is not linked to
rainfall events; the reduction when the total volume is compared to basecase scenarios
is constant for the rainfall events simulated.
Table 4.1. Summary of reductions in wastewater volumes discharged to the sewer network.
2010 development 2050 development
Daily reduction
in wastewater
produced (m3)
Reduction of
wastewater
discharged to
sewer
Daily reduction
in wastewater
produced (m3)
Reduction of
wastewater
discharge in
sewer
1B2010/2050 333 7% 932 5%
2B2010/2050 896 17% 2495 7%
3B2010/2050 1362 24% 3900 15%
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4.1.2 Total wastewater reduction
Figure 4.1 and Figure 4.2 also highlight that the decrease of the wastewater volume is
proportional to the number of greywater technologies set up in the network.
Therefore, analysis to identify the relationship between the percentages of habitation
connected to a greywater recycling system and the total volume of wastewater
produced under each scenario (2010 and 2050 urban development scenarios) on a
rainless day has been identified and is presented within Figure 4.3. The understanding
and establishing of such relationship is useful in order to quantify the volume of daily
wastewater flows expected to be produced by the new blocks for each development
stage.
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Figure 4.3. Relationship between the total volume of wastewater and the number of greywater
recycling system connected over one day simulation.
For the 2010 development, Equation 4.1 describes the proportional reduction in
wastewater volume as a function of the number of houses connected to greywater
recycling schemes.
Total volume of wastewater = -4915 percentage of houses connected + 17916
with R2 = 0.9995
Equation 4.1
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For the 2050 development, Equation 4.2 determines the proportional reduction in
wastewater volume as a function of the number of houses connected to greywater
recycling schemes.
Total volume of wastewater = -1721 percentage of houses connected + 5439
With R2 = 0.9985
Equation 4.2
The constant reduction of wastewater volume discharged to the sewer network and the
constant intrusion of rainwater will alter the content of the sewer network. Therefore,
the next sub-section identifies the variation of the ratio rainwater / wastewater in the
sewer network.
4.1.3 Ratio rainwater / wastewater
The constant reduction in wastewater volume due to the use of greywater recycling
systems causes a change in the rainwater/wastewater ratio in the sewer network.
Figure 4.4 illustrates the variation in this ratio for the four sets of rainfall events and
compares two extra cases, the 2050 basecase scenario with the 3B2050 scenario.
Under frequent conditions, the ratio does not exceed 0.45 during present conditions
and 0.75 under future conditions. However, in the case of heavy rainfall events, the
ratio exceeds 1.8 under present conditions and 2.0 under future conditions. As a result,
the wastewater will be highly diluted. Therefore the amount of rainfall entering the
sewer network will considerably increase the volume of wastewater to be treated.
Furthermore, given that the amount of rainwater entering the system in extreme
weather events considerably increases the total volume of water in the sewer network,
floods are more likely to occur. This problematic will be investigated in more detail in
the following sub-section.
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4.1.4 Variation of total sewer flood volume
To be able to quantify the total volume of flood, the volume of flood occurring at each
node was identified and summed to determine the total volume of flood per scenario.
The results obtained for each scenario were then plotted and compared with data
obtained for the basecase scenario. The results, presented in Figure 4.5 and Figure 4.6,
show that greywater recycling schemes contribute to a reduction in sewer flooding for
a given simulated rainfall event. A reduction of 11 % was observed for 1B2010, of 17
% for 2B2010 and of 23 % for 3B2010 for M1-240 events compared to a reduction of
2 % for 1B2010, 5 % for 2B2010 and of 7% for 3B2010 for M100-240 rainfall event.
Results show a bigger reduction in flooding for short and small events than for intense
and long rainfall events. Figure 4.5 also illustrates the important increase in sewer
flooding between the M100-30 and M100-60 rainfall events where a 65% increase in
flood volumes was observed.
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Figure 4.5. Wastewater volume flood occur during sewer flooding when greywater recycling
systems are within 2010 development.
Figure 4.6 shows that, under the 2050 scenario, flooding occurs for one year return
period events of 90 minutes duration. A reduction in flood volume is observed for
scenarios 1B2050, 2B2050 and 3B2050 when compared to the basecase scenarios for
all of the designed flood events. The results show that the flood volume reduces as a
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result of implementing greywater recycling systems. However, the results also
indicate that floods still occur under each scenario with the exception of scenario
3B2050 for one year return period events. For five year return events of 30 minutes
duration, a reduction of 35% for the 1B2050 scenario, of 48% for the 2B2050
scenario and of 65% for the 3B2050 scenario was observed. The reduction observed is
quite consistent; however for heavier rainfall events such as the 100 year return event
with a duration of 240 min, a reduction of 4% for the 1B2050 scenario was observed,
6% for the 2B2050 and 11% for the 3B2050 scenario. To conclude, greywater
recycling can reduce sewer floods. However, the reduction is far too small to be
highly significant during heavy storm events.
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Figure 4.6. Wastewater volume flood occur during sewer flooding when greywater recycling
systems are present within 2050 development.
A general comment can be made on the sewer floods occurrence, sewer flood starts to
occur under one year return period event of 30 minutes duration. Existing sewer
network are designed to cope under 30 year return period events (Reed, 1995).
In order to better understand the ability of greywater recycling systems to mitigate
flooding, flood occurrences in each individual node were analysed. Return Period
Analysis (RPA analysis) was carried out for 5 year return events and 100 year return
events with durations of 30 to 240 minutes (See Section 3.6). Table 4.2 shows the
number of nodes affected by floods above and below, 25m3 and the number of
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surcharges in each scenario. Surcharges refer to a condition where nodes reach their
maximum capacity.
Table 4.2 Number of nodes where floods occur under 5 and 100 year return periods
One in 5 year event
Basecase 1B2010/2050 2B2010/2050 3B2010/2050
Number of nodes above 25m3 14 (11)٭ 14 (11) 13 (10) 9 (6)
Number nodes less than 25m3 54 (39) 54 (34) 55 (29) 59 (33)
Surcharges 222 (124) 226 (125) 233 (127) 223 (127)
One in 100 year event
Basecase 1B2010/2050 2B2010/2050 3B2010/2050
Number of nodes above 25m3 42 (29) 41 (27) 38 (27) 33 (22)
Number nodes less than 25m3 183 (147) 185 (149) 185 (147) 188 (147)
Surcharges 232 (87) 231 (86) 233 (88) 237 (92)
٭ results obtained for 2050 scenarios only.
Following this initial analysis, all the nodes whose flood level was above 25m3 were
identified within the Carrickmines catchment. All of them are junction nodes
connecting two or three conduits (see Figure 4.7). The highest flood level for the 5
year return period storm event was recorded at 92m3 and 312m3 for the 100 year
return period respectively in the 2050 basecase scenario simulations. Figure 4.8 shows
the locations of the nodes where floods occurred under 100 years return period events.
Nodes where floods were found to be below 25m3 tend to be situated in the centre of a
sewer row. At the beginning of each row were non flooding nodes were identified.
Furthermore, Figure 4.8 also illustrates that in the 2050 scenario, 85% of the nodes are
subjects to floods.
Results show that flood volumes reduce when greywater recycling systems are
implemented. Detailed data for each node analysed through the RPA are presented in
the Annex 1 (Table A1.1 and Table A1.2). Some nodes were identified as not flooding
anymore, 100% reduction was achieved. For the 5 year return period event, a total of
4 nodes were identified with 100% reduction for scenario 1B2050, 10 nodes for
2B2050 and also 10 nodes for scenario 3B2050. A similar observation could be made
for the 100 year return period storm event. Here, flooding was reduced by 100% in 2
for the 2B2050 scenario and 8 nodes for the 3B2050 scenario. Figure 4.8 illustrates
the locations of flooding habitations depending on the number of greywater recycling
systems present.
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Figure 4.7. Location of nodes where floods above 25m3 occurred.
Figure 4.8. Location of nodes where floods occurred for all the scenarios during 100 year return
period events.
1B2010/2050
2B2010/2050
3B2010/2050
2010/2050 Basecase
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4.2 Influence of greywater recycling system on the
Carrickmines catchment hydrology
The following section assessed the influence of greywater recycling systems on the
hydrological network of the Carrickmines catchment. The study also carried out a
hydrological analysis of the new development on the hydrology of the catchment. The
total river volume, the peak flows at the two river gauges and the total river flood
volume were quantified to identify the influence of i) the new development and ii) the
rainfall events on the catchment hydrology.
Figure 4.9 and Figure 4.10 show the variation of total river flow within the river
system of the catchment for the three basecase scenarios (2002, 2010 and 2050) for
the four set of top 100 events. The results indicate a net increase in total river volume
due to the planned catchment urbanisation and the different profile of rainfall events
predicted by the climate change scenarios.
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Figure 4.9. Comparison of the total river volume variation during frequent rainfall events for the
three urban developments.
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Figure 4.10. Comparison of the total river volume variation during extreme rainfall events for
the three urban developments scenarios.
Figure 4.11 and Figure 4.12 illustrate how expanding urban developments and
different rainfall events influence the peak flow at both river gauges. The peak flows
modelled for each rainfall event are compared with the maximum river gauge
readings observed on the 26th of May 1993, where 14.3m3/s flow was observed at
Common's Road and 6.9m3/s flow at Carrickmines respectively. The results show a
constant increase between basecase 2002, 2010 and 2050 as a result of the growing
urbanised areas. Peak flows increase considerably, as can be seen. For example, under
present conditions, the peak flow exceeds 6.9m3/s for 40% of the time but 67% of the
time under future conditions, i.e. larger urban development and more rainfall events,
in 2050. Moreover, under future conditions and in the case of extreme events the peak
flow is shown to reach 60m3/s. Increases in peak flows at Common's road bridge, are
shown to be less dramatic (Figure 4.12). This might be explained by the fact that both
the 2010 and 2050 urban developments are draining stormwater to an area close to the
Carrickmines Bridges river gauge.
The model did not predict flooding at the two river gauges for any of the simulations.
However, floods are observed in the river very close the two river gauge nodes,
Figure 4.14 identifies the location of floods in the river.
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Results suggest that the total river flood volume is highly influenced by urban
development and rainfall events (see Figure 4.13). Indeed, under the 2002 urban
development scenario, river flooding sets in with a 50 year return period event
whereas for the 2010 and 2050 urban development scenarios, floods are observed for
the one year return period event.
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Figure 4.13. Total volume of river floods for 2010 and 2050 urban development.
Figure 4.14. Location of nodes where floods occurred in the river during 100 year return period
events.
2010 and 2050 basecase
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4.3 Influence of greywater systems on saving drinking
water quantity
The volume of drinking water saved was assessed by comparing the total volume of
wastewater produced for each scenario (1B2010, 2B2010, 3B2010 and 1B2050,
2B2050, 3B2050) with the respective basecase scenarios for a rainless day. Therefore,
the volume of drinking water saved is equal to the volume of wastewater reduction.
However, to enable this analysis, the following assumptions had to be made: each
housing block in the catchment was assumed to display the same household habits by
producing and using the same amount of greywater daily. Table 2 summarises the
amount of drinking water saved per year for each development scenario.
Table 4.3. Summary of drinking water saved.
2010 development 2050 development
Volume of
drinking water
saved per year
Average
reduction of
wastewater
produced
Volume of
drinking water
saved per year
Average
reduction of
wastewater
produced
1B2010/2050 123 Ml 6% 340 Ml 5%
2B2010/2050 327 Ml 16% 858 Ml 12%
3B2010/2050 497 Ml 24% 1371 Ml 19%
The results show that for the 2010 development scenario a maximum 24% of drinking
water and for the 2050 scenario up to 19% of drinking water can be saved
respectively.
4.4 Comparative analysis
The comparative analysis method detailed in Section 3.6.2 has been followed to
compare the results obtained for greywater recycling systems for the two urban
development scenarios in order to determine the relative performance of greywater
recycling technologies for each scenario with respect to reducing drinking water
demand, wastewater volume, and runoff volume and river peak flow.
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4.4.1 Comparison of the hydraulic performance of the 2010
urban development
The radar charts present in Figure 4.15 and Figure 4.16 compare and integrate the
results obtained when greywater recycling systems are implemented at catchment
scales for the scenarios tested. Figure 4.15 reviews the results obtained under present
conditions whereas Figure 4.16 is focused on future rainfall events. Section 3.6.2
reviews in detailed the methodology carried out to produce the two charts.
First of all, the radar charts highlight a constant and important decrease of the index of
volume of water re-used (VRC) as more technologies are implemented in the
Carrickmines catchment, from index 7 to 4 for the scenario 3B2010. The same
observations and results are obtained under present and future climatic conditions
(Figure 4.15 and Figure 4.16). Therefore, the volume of re-used water is not
dependent of climatic conditions.
The comparison analysis also identifies a reduction in sewer flow volume coefficient
(SVC) for 2010 under present conditions, from index 3 to 2. However, the obtained
reduction is the same for scenarios 1B2010, 2B2010 and 3B2010 (index 2). Moreover,
under extreme future conditions, the sewer volume coefficient is not influenced by the
implementation of greywater harvesting systems for scenario 1B2010. As a result, the
obtained reduction of sewer volume is therefore not important; as a result sewer
flooding may remain an issue.
The comparative analysis on volumetric performance for runoff volumes coefficient
(RVC), and peak flow coefficient (PFC) under frequent and extreme events shows
that the implementation of greywater recycling systems does not support and enhance
hydrological parameters within the Carrickmines catchment under all the tested
rainfall events.
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Figure 4.15. Comparison of the hydraulic performance indices for urban development in 2010
under present climate conditions.
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Figure 4.16. Comparison of the hydraulic performance indices for the urban development 2010
under future climate conditions.
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4.4.2 Comparison of the hydraulic performance of the 2050
urban development
Similar results can be reported for the 2050 scenario, where a larger urbanised area
and higher population numbers were assumed.
No influence on the river peak flow and runoff volume was observed as a result of the
implementation of greywater technologies. Scenarios 2B2050 and 3B2050 show a
constant reduction of sewer flow volume even during extreme events under future
conditions. In contrast, under scenario 1B2050 the indices only indicate a reduction of
wastewater volume present in the Carrickmines sewer network under extreme present
conditions (Figure 4.17 and Figure 4.18).
The comparison analyses identify the high ability of greywater recycling system to
reduce the volume of drinking water. Indeed, the consumption of drinking water
constantly decreases under scenarios 1B2050, 2B2050 and 3B2050, both under
present and future conditions.
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Figure 4.17. Comparison of the hydraulic performance indices for the urban development 2050
under present conditions.
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Figure 4.18. Comparison of the hydraulic performance indices for the urban development 2050
under future conditions.
To conclude, the radar charts show that implementing greywater recycling systems is
a very efficient technology to control the volume of drinking water. However
regarding the three other tested parameters (sewer volume, runoff and peak flow) the
analyses identified the technology to be inefficient under any rainfall events tested.
4.4.3 Conclusions
This Chapter has identified and quantified wastewater volume reductions and drinking
water savings that can be achieved by implementing greywater recycling technologies
at catchment scale. However, the representation of the three different scales
(household, neighbourhood and municipal) within the sewer network could not be
represented within InfoWorksTM CS. Therefore, the modelling activities carried out
can not unambiguously inform conclusion about the hydraulic impacts of greywater
recycling systems implementation.
The comparison analysis identified a net reduction in drinking water volume.
However, the sewer volume coefficients obtained show that greywater recycling
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implementation is not sufficient to reduce sewer volume significantly. As a result,
sewer flooding may still be an issue. This observation has been confirmed by results
presented in Section 4.1.4. Indeed, results show that sewer flood volumes can be
significantly reduced, namely by up to 90%. However, the frequency of floods and
node surcharges has been shown to decrease only slightly. Therefore, although floods
will still be experienced, the implementation of greywater technologies might help to
reduce the severity of floods and the damage they cause.
Finally, difficulties to represent the scaling-up effects on the sewer network for
greywater recycling technologies have been faced during the modelling activities.
Therefore it is now difficult to analyse and conclude the impact caused by municipal
scale greywater recycling at urban catchment scale.
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5 Chapter 5 Rainwater harvesting results
This Chapter presents the results obtained for the rainwater harvesting scenarios.
Following the reporting structure adopted in Chapter 4, the first section reviews the
influence of rainwater harvesting systems on the wastewater network. Then, the
influence of rainwater harvesting systems on the catchment hydrology is illustrated
through reference to the river peak flow at the two river gauges, levels of flooding
along the river and the variation of total volume flow in the river compared with
basecase scenarios. The third section quantifies the amount of drinking water saved
when rainwater harvesting systems are implemented. Finally, the last section provides
a comparative analysis of the runoff, peak flow, drinking water and total wastewater
reduction achieved under present and future conditions for both the 2010 and 2050
urban development scenarios.
5.1 Influence of rainwater harvesting systems on the
wastewater sewer network
The influence of rainwater harvesting on the wastewater sewer network was assessed
by quantifying the wastewater volume obtained under each simulation, represented as
the rainfall/wastewater ratio. The extent to which rainwater harvesting technologies
reduce sewer flooding was assessed by quantifying the volume of sewer floods for
each simulation and by identifying the location of flooding.
5.1.1 Variation of total sewer volume
In order to assess the extent to which rainwater harvesting systems contribute to a
reduction in the waste water volume, the total volume of wastewater obtained for each
scenario was compared with the respective basecase scenario. Table 5.1 shows the
wastewater reduction both in volume and percentage terms under 5 year and 100 year
return events of 60 minutes duration. The percentage reduction was determined by
comparing the volume of wastewater reduction to the total wastewater produced
during a dry day. The analysis shows that significant reductions in the wastewater
volume can be achieved though the implementation of rainwater harvesting systems.
The results indicate that the reduction increases proportionally with the number of
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technologies implemented as well as the intensity of the rainfall events. For instance,
the highest reduction rates were observed for 3B2010 (26%) and 3B2050 (18%)
during M100-240 events (Annex 2, FigureA2.1). Findings therefore suggest that
rainwater harvesting technologies can contribute to controlling rainwater intrusion
into sewer networks.
Table 5.1. Reduction in wastewater volumes observed for 5 year and 100 year return period
event of 60 minutes duration.
One in 5 year 60 minute event
Volume of
wastewater
reduction (m3)
% wastewater
volume
reduction
Volume of
wastewater
reduction (m3)
% wastewater
volume
reduction
2010 development 2050 development
1B2010/2050 168 3% 420 2%
2B2010/2050 433 7% 1086 5%
3B2010/2050 632 10% 1586 7%
One in 100 year 60 minute event
Volume of
wastewater
reduction (m3)
% wastewater
volume
reduction
Volume of
wastewater
reduction (m3)
% wastewater
volume
reduction
2010 development 2050 development
1B2010/2050 292 5% 710 3%
2B2010/2050 751 12% 1835 8%
3B2010/2050 1093 18% 2675 12%
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To quantify the extent to which wastewater volumes were reduced, 24-hour periods
were simulated. It was attempted to run longer simulations covering a time-span of
five years. However, the time needed to complete such long simulations and the
physical size of the file created exceeded the capacities of the available computer
facilities. As a result and due to the numerous factors influencing the reduction of
wastewater volume the quantification and forecasting of wastewater volume is
therefore complicated. However, the next section will review and make conclusions
on the influence of rainwater harvesting systems different rainfall events in
wastewater flows.
5.1.2 Total wastewater reduction
Figure 5.3 shows the total wastewater volume produced during the designed storm
events. It highlights how the wastewater volume decreases proportionally to the
number of houses connected to rainwater harvesting systems. Regression coefficients
(R2) were calculated for each simulated rainfall event and all are above 0.99 (Table
5.2), thereby confirming a positive relationship between wastewater reduction and
number of rainwater harvesting technologies implemented.
Secondly, it can be noted that during M1-240 events more water enters the network
than during a M5-30 event surprisingly the volume of water entering the network is
smaller for an M100-30 event than for an M5-240 event (see Figure 5.3).
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Figure 5.3. Variation in total wastewater volume (m3) as a function of percentage of houses
connected to rainwater harvesting systems under different rainfall events development 2050.
Table 5.2. Wastewater volume relationships
Rainfall events Equations R2
M100-240 y = -60.714x + 26570 0.9958
M100-30 y = -24.083x + 21226 0.9963
M5-240 y = -30.955x + 22244 0.9961
M5-30 y = -12.591x + 19567 0.9958
M1-240 y = -12.591x + 19567 0.9959
M1-30 y = -7.5966x + 18838 0.9960
To conclude, the wastewater volume analysis has shown that rainwater harvesting is a
good technique to control rainwater intrusion within the sewer network. Moreover, the
wastewater volume reduces consistently with a 26% reduction for the 2010 urban
development scenario and 18% for the 2050 scenario. Therefore this important
reduction must have a consequence on the ratio of rainwater to wastewater and on
sewer flooding. The two subsequent sections will evaluate the influence of rainwater
harvesting systems on the ratio of rainwater to wastewater and sewer flood
occurrences.
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5.1.3 Rainwater / wastewater ratio
The forecast wastewater volume reduction caused by the implementation of rainwater
harvesting technologies is likely to change the rainwater/wastewater ratio in the sewer
network. Figure 5.4 illustrates the variation of the ratio for the four sets of rainfall
events and compares the 2050 basecase scenario with the 3B2050 (extreme case)
scenario. For each set of rainfall events, results show that the ratio decreases in the
extreme case scenario when contrasted with the basecase scenario. Under the extreme
conditions, ratio rainfall/wastewater decreases from 1.5 to 0.7 when rainwater
harvesting are present under 3B2050 scenario. These findings suggest that less water
is entering the sewer network, and, as a consequence, the waste water will be less
diluted. Furthermore, sewer floods can be expected to occur less frequently.
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5.1.4 Variation of total sewer flood volume
In order to assess the influence of rainwater harvesting systems on sewer flooding, the
total flood volume at each node was extracted from the results obtained with designed
rainfall events. The total flood volume was then identified per simulation and
compared (Figure 5.5 and Figure 5.6). The location and number of nodes where flood
and surcharge occurred were identified, the results are presented in Table 5.3 and a
map was produced and introduced as Figure 5.7.
A net reduction in sewer flooding is observed for the 2010 development scenario
(Figure 5.5). For the 1B2010 scenario, the same sewer flood frequency was observed.
Sewer flooding occurs from rainfall event M5-30. The volume of floods has
considerably decreased compared with flood volume occurring for the basecase 2010
scenario. A maximum decrease of 67% was observed for the M10-90 event and a
minimum of 40% for M100-60 events. Therefore, a constant decrease of sewer floods
was identified for scenario 1B2010. Moreover, the quantity of floods observed within
the 2010 urban development scenario can be considered as minor floods. Indeed, as
Table 5.1 shows, under frequent events, none of the floods exceeds 25m3 under the
1B2010 scenarios. However under extreme events three nodes are subject to floods
exceeding 25m3 compared to 13 for the respective basecase scenario. For the 2B2010
scenario, floods begin occurring following M50-30 rainfall events but never exceed
9m3. Therefore for scenario 2B2010, the reduction in sewer flooding is constant with
none of the floods occurring during very extreme rainfall events reaching or
exceeding the critical volume of 25m3. Finally, under the 3B2010 scenario, no floods
occurred during any of the simulated rainfall events.
Under the 2050 development, the reduction of rainwater within the sewer network
coincides with a reduction in sewer flooding, the same phenomenon has been
observed for urban development 2010 (Figure 5.6). However, due to the more
expansive development in 2050, the flood volumes observed are considerably higher;
a total sewer volume of 1890m3 was observed for the basecase scenario under an
extreme event of M100-120. For the 1M2050 scenario, floods begin occurring from
the 5 year return event with a duration of 30 min (M5-30). For the 2B2050 scenario
flooding sets in with 50 year return period events lasting one hour (M50-60) with
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flood volume reduced by 91%. As observed for M2050 a net reduction of flood
volume is observed. For the M5 to M20 storm events, flood volumes reduced by more
than 50%, regardless of the duration of these storms. For the M20 to M100 events
slightly lower reductions were observed at 40%. Under the 3B2010 and 3M2050
scenarios, the sewer network remained completely free of floods. These results
suggest that if 80% of the new urban developments are connected to rainwater
harvesting systems, it can be reasonably expected that none of the new development
areas will experience any floods. The flood reduction observed is significant
suggesting that sewer flood problems could be solved by capturing rainfall and
limiting its intrusion in to sewer networks.
For both developments, it needs to be pointed out that flood volumes increased for
storm events of 30min to 90min duration for development 2010 and for events from
30min to 240min duration for development 2050. However when the storm event
duration exceeded 90 and 240min flood levels decreased compared to volume. This
observation highlights the limit of the InfoWorksTM CS to model and forecast extreme
flood volume and events. The simplification of flood modelling involved in
InfoWorksTM CS version 6.5 has been described and explained in Section 3.3.3.
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Figure 5.5. Variation of sewer flood volumes under 2010 development during designed rainfall
events.
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Figure 5.6. Variation of sewer flood volumes under 2050 development during designed rainfall
events.
Table 5.3 reviewed the number of nodes where floods occur for developments 2010
and 2050 under frequent and extreme events. First of all, the results show that under
frequent events, none of the nodes experiences extreme floods as after the
implementation of rainwater harvesting systems. However, in the case of extreme
rainfall events, extreme floods occur under scenarios 1B2010/2050 and 2M2050.
However the number of flooded nodes is reduced considerably.
Table 5.3 Number of nodes that flood under 5 and 100 year return period.
One in 5 year event
Basecase 1B2010/2050 2B2010/2050 3B2010/2050
Number of nodes above
25m3 14 (11)٭ 0(0) 0(0) 0(0)
Number nodes less than
25m3 54 (39) 24(22) 0(0) 0(0)
Surcharge nodes 222 (124) 155(107) 42(19) 5(0)
One in 100 year event
Basecase 1B2010/2050 2B2010/2050 3B2010/2050
Number of nodes above
25m3 42 (29) 18(15) 3(3) 0(0)
Number nodes less than
25m3 183 (147) 73(60) 19(17) 0(0)
Surcharge nodes 232 (87) 188(102) 130(71) 46(16)
٭ results obtained for 2050 scenarios only.
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Figure 5.7 illustrates the location of all floods identified under all the scenarios. Under
the 2010 and 2050 scenarios floods with a volume exceeding 25m3 are present at the
main junction of conduits. Prior to the implementation of rainwater harvesting
systems, floods occur all across the catchment under the basecase scenario 2050
(black nodes). Under the 1M2050 scenario, the nodes where flood still occur are
located in the "middle part" of the catchment (green nodes) and under the 2M2050
scenario at the right of the catchment (blue nodes). These results raise the question of
whether the location of rainwater harvesting systems implemented under development
2050 influences where floods occur. The next section will address this query by
exploring whether the location of rainwater harvesting systems influence the flood
location and the flood intensity.
Figure 5.7. Location of nodes where floods occurred during extreme event scenarios (M100
rainfall events).
5.1.4.1 Influence of rainwater harvesting system location on sewer flood
intensity and occurrence.
In order, to identify if the location of rainwater harvesting across the urban
development in 2050 has an impact on the sewer flood occurrences, six different
networks were designed, the location of the rainwater harvesting systems have been
1B2010/2050
2B2010/2050
3B2010/2050
2010/2050 Basecases
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randomly chosen (using the random option available within Excel), three different
scenarios of 1M2050 (20% of houses connected) and three 2M2050 (50% connected)
have been built within InfoWorksTM CS. Figure 5.8 represents the three maps
representing the six designed networks, in yellow the three new 1M2050 scenarios
can be observed and in blue the 2M2050 scenarios. The designed networks were
simulated under extreme designed rainfall events (M100-30 to M100-480).
Scenario 1 Scenario 2 Scenario 3
Figure 5.8. The three scenarios of rainwater harvesting system locations
The results show that when rainwater harvesting systems are widely spread across the
Carrickmines catchment, the number of nodes where extreme flood events occur only
varies marginally. The results vary between 15 and 14 nodes under scenario 1M2050
and between 2 and 3 under scenario 2M2050 (Table 5.4). However the number of
nodes where flood volumes remain below 25m3 shows that the location of rainwater
harvesting systems is linked to the flood occurrences within the network. Indeed, for
Scenario 3, only 44 nodes flooded compared to 60 in the initial scenario (1M2050)
(Table 5.4). The total volume of sewer floods varies between 199m3 to 182m3 for the
50% connected scenarios (2M2050) and between 1158m3 and 1140m3 for 20%
connected scenarios. These results suggest that the location of the technologies is
relatively unimportant with respect to total flood volumes. However, flood volumes
vary at the level of individual nodes. Under the ‘20% blocks connected’ scenario, the
maximum volume observed varies between 51m3 to 3m3 and for the ‘50% blocks
connected’ scenario, the volume varies between 205m3 and 113m3 (Figure 5.5).
Therefore the location of rainwater harvesting has an influence on the total volume of
wastewater flooding at household scale (for each nodes present within the catchment).
2M20501M2050
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Table 5.4. Number of nodes that flood under 100 year return period
20% blocks connected
1M2050 Scenario 1 Scenario 2 Scenario 3
Number of nodes above
25m3 15 14 14 15
Number nodes less than
25m3 60 52 49 44
Surcharge nodes 102 134 138 137
50% blocks connected
2B2050 Scenario 1 Scenario 2 Scenario 3
Number of nodes above
25m3 2 3 3 2
Number nodes less than
25m3 17 13 14 12
Surcharge nodes 71 102 104 98
Table 5.5. Influence of the location of rainwater harvesting technologies on flood intensity
20% blocks connected
1M2050 Scenario 1 Scenario 2 Scenario 3
Total flood volume (m3) 1158 1146 1043 1140
Maximum flood volume
observed (m3) 113 205 121 197
50% blocks connected
2B2050 Scenario 1 Scenario 2 Scenario 3
Total flood volume (m3) 187 182 199 188
Maximum flood volume
observed (m3) 32 40 35 51
Figure 5.9, Figure 5.10 and Figure 5.11 represent the flooding maps obtained for the
three extra designed scenarios, the green nodes represent flood volume <25m3 and red
nodes represent flood volume >25m3. The flood maps highlight that the majority of
the floods occur in the centre of the catchment. However the lower part of the
Carrickmines catchment does not face flood problems for Scenarios 1, 2 and 3. It can
therefore be concluded that when rainwater harvesting systems are spread more
widely across the Carrickmines catchment, the area where floods occur will be
reduced. However, the maximum flood volumes observed in individual nodes differed
between the three scenarios and the initial one.
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Figure 5.9. Flood location for Scenario 1.
Figure 5.10. Flood location for Scenario 2.
Flooding volume < 25m3
Flooding volume > 25m3
1M2050
2M2050
Flooding volume < 25m3
Flooding volume > 25m3
1M2050
2M2050
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Figure 5.11. Flood location for Scenario 3.
To conclude, these findings suggest that rainwater harvesting systems contribute to a
reduction in sewer network floods. Moreover, the results show that the location of
these schemes may influence the flood volume intensity and the number of nodes
affected by floods. Modelling results indicate that more widely-distributed
technologies more efficiently control the number of flood occurrences. At the same
time, however, flood volumes seem to increase locally.
5.2 Influence of rainwater harvesting systems on the
Carrickmines catchment hydrology
In order to identify the influence of installing rainwater harvesting systems on the
Carrickmines catchment hydrology, the total river flow volume as well as the peak
flow at the two river gauges were analysed. A river flood volume and low flow
analysis were also conducted to obtain a clear picture of the impacts of rainwater
harvesting systems on the Carrickmines catchment hydrology.
Flooding volume < 25m3
Flooding volume > 25m3
1M2050
2M2050
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5.2.1 Influence of rainwater harvesting of the urban runoff
volume
Runoff refers to the water from precipitation that flows off a surface to reach a drain,
sewer or receiving water. The influence of rainwater harvesting on the runoff volume
was assessed within the two urban developments and the scenarios run. For scenarios
1B2010, 2B2010 and 3B2010, the total runoff is forecast to decrease by 2, 4 and 11%
respectively. Decreases of 6, 20 and 30% respectively are estimated for scenarios
1M2050, 2M2050 and 3M2050. Furthermore, total river flow volumes are expected to
reduce by 1, 8 and 12% respectively in scenarios 1M2050, 2M2050 and 3M2050 (see
Annex 2, Figure A2.9).
For the purpose of assessing the links between implementation scale and runoff
volume, the total runoff volume obtained for the three tested scales (household,
neighbourhood and municipal) were compared (Annex 2, Figure A2.5, Figure A2.6,
Figure A2.7). Results show that the percentage by which the runoff volume is reduced
varies depending on the scale at which the rainwater harvesting technologies are
implemented. For example, for scenario 1B2010 (household scale) a 3.14% reduction
was obtained, for 1N2010 a 4.77% (neighbourhood scale) and for 1M2010 (municipal
scale) a 5% reduction. To assess the extent to which runoff volumes differed
depending on implementation scale, the mean, standard deviation and difference in
percent were calculated and showed that the differences were small. This difference
observed between the total runoff volumes obtained is caused by the way the
scenarios were designed determine. The scenarios were designed based on the number
of blocks connected to re-use systems rather than the surface area connected.
Moreover, it was assumed that all residential units within the new urban developments
were identical. However, due to the way the sub-catchments were designed, each node
covers a different surface area. As a result, each scenario contains a different total
surface contributing area (see Annex 2, Table A2.1). Therefore in order to continue
the analysis, the percentage by which the total runoff was reduced was compared to
the percentage by which the contributing area was reduced due to the implementation
of rainwater harvesting systems. The correlation coefficient R2 was calculated for the
three scales all together in order to identify if there was a significant difference in the
extent to which the three scales of technology reduce the total runoff volume. The
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analysis was carried out for four rainfall events (M5-30, M5-240, M-100-30 and
M100-240) to further assess whether the rainfall intensity influences the results. None
of the correlation coefficients is above 0.991 indicating that implementation scale and
runoff volume are not associated (for the three series). The results show linearity
between the three different scales under 2010 urban development scenarios.
Therefore, it can be concluded that scaling rainwater harvesting systems is unlikely to
contribute to a reduction of runoff volumes within the Carrickmines catchment for
any rainfall events.
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Figure 5.12. Impact of scaling up rainwater harvesting on runoff volume reduction for a M100-30
event.
The carried out analyses highlighted the fact that runoff volume reduction and control
is proportional to the impervious surface area reduction. As a result, scaling up the
implementation of rainwater harvesting systems will not increase the reduction of
runoff. However, having many rainwater harvesting systems within a catchment will
considerably control urban runoff.
Figure 5.13 shows that the runoff volume reduces proportion to the reduction of the
storm contributing area. For rainfall events lasting 240min, the reduction of runoff
volume is smaller. Indeed, the percentage of runoff reductions for M5-240 and M100-
240 events is slightly below the ones obtained for M5-30 and M100-30. These
findings indicate that rainfall intensity only marginally influences the runoff volume.
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Figure 5.13. Comparison of scaling up rainwater harvesting on the total runoff volume reduction
2050 development.
Runoff volume is highly influenced by the impervious surface area of the catchment.
Given that rainwater harvesting systems reduce the impervious surface area (roof and
road), runoff volumes can be assumed to reduce considerably. This reduction is likely
to directly influence the hydrology of rivers within the catchment, an issue, which will
be addressed in more detail in the following section.
5.2.2 How rainwater harvesting systems influence river
hydrology
In order to understand how the implementation of rainwater harvesting technologies
in the Carrickmines catchment influence the river hydrology, both volumetric flows as
well as peak flows were assessed. Figure 5.14 and Figure 5.15 compare the volume of
the river flow in all four scenarios under four sets of rainfall (events under present and
future conditions).
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Findings clearly illustrate how of the river flow volume is reduced when rainwater
harvesting systems are implemented (see Annex 2 Figures A2.8 and A2.9 and Tables
A2.9 to A2.14). The same correlation analysis carried out to assess and compare the
runoff volumes for three different implementation scales (reported in the previous
sub-section) was performed to assess how technology scale influences the total river
flow volume. When the river volume results obtained for the three scales were
compared a difference of volume was observed, between 3% and 11%. It was also
observed that the difference between the river flow volumes is considerable increasing
with the intensity of rainfalls. Talking about the correlation coefficient obtained, the
value does not exceed 0.45 for M5-30 rainfall event. Moreover, the R2 coefficient
obtained decreases with the intensity of rainfall events. These results suggest that the
extent to which river flow volumes are reduced mainly dependent on the intensity of
the rainfall events. However, Figure 5.6 highlights the fact that the reduction of river
is proportional to the reduction of contributing storm area up to 10% reduction in area
(see red circle in Figure 5.16). According to the results, municipal scale show to be
less effective to reduce river flow when it is applied to many habitations than
neighbourhood and household scale. Therefore, further investigations are needed to
understand the non-linearity of the river volume reductions, the river peak flow at the
two river gauges was analysed.
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Figure 5.16. Comparison of scaling up of rainwater harvesting technologies on the total river flow
volume reduction for a M5-30 event.
The river flows under the 2050 development reduces by 7% for the 1M2050 scenario,
by 12% for the 2M2050 scenario and by 15% for the 3M2050 scenario (see Annex 2
Table A2.15). The relationship between the percentage reduction of the river volume
and the contributing areas is represented in Figure 5.17. The results show that under
M5-30 (frequent event) the relationship is linearly proportional. However, with a
growing rainfall intensity the relationship becomes increasingly logarithmic. This
observation suggests that the potential of rainwater harvesting technology to decrease
the volume of river flows is limited.
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Figure 5.17. Comparison of total river flow volume reduction under development 2050 under 5
and 100 return period events of duration of 30 and 240 minutes.
In order to understand why the river volume reduction is lower during extreme rainfall
events, the peak flows at the two river gauges were identified. Figure 5.18 and Figure
5.19 show the peak flow variation at the Carrickmines bridge river gauge for the four
sets of top 100 events. Under urban development 2010, the peak flow is reduced for
the four top 100 events at the Carrickmines bridge river gauge. However for urban
development 2050, under future conditions and for frequent and extreme events, the
peak flow intensity for the 1M2050 scenario, the 2M2050 scenario and the 3M2050
scenario exceeds the basecase peak flow. In other words, the implementation of
rainwater harvesting systems at municipal scale may influence and cause river
flooding under extreme rainfall events. Similar results were obtained when analysing
the peak flow variations at the second gauge at Common's road. These can be found in
Annex 2 (see Figures A2.13 and A2.14).
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For extreme events, the peak flow increases at the Carrickmines bridge river gauge for
many scenarios at the three tested scales. The increase of river peak flow under
extreme event conditions might be a result of overflowing rainwater tanks. Therefore
the weir over flow volumes have been analysed for the scenarios (Annex 2, Table
A2.35 to Table A2.38). Significant amount of water flooding from rainwater
harvesting tanks are occurring during heavy rainfall events at all scales and for both
urban development scenarios. The amount of water is proportional to the size of the
rainwater harvesting systems. Moreover, for small rainwater technologies, the
overflow volume is spread across the catchment whereas for the implementation at
municipal scale, the overflow volume is centralised and influences drainage
hydrology downstream from the discharge point. Figure 5.20 illustrates the influence
of flow at a drainage node downstream from the municipal overflow weir within the
2050 development scenario. The hydrograph shows a reduction in the peak flow from
10m3/s for the 2050 basecase scenario to 9 for the 1M2050 and 6 for scenarios
2M2050 and 3M2050. This decrease might be attributed to the runoff volume which
is reduced by the rainwater harvesting technologies. However; the hydrograph
highlights the appearance of another peak caused by over-flooding of the municipal
rainwater harvesting system. The peak observed is delayed when compared to the
initial peak observed for the 2050 basecase scenario but more intense for 3M2040
where a peak flow of 14m3/s is indicated.
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Figure 5.20. Influence of municipal scale tank overflow on urban drainage system for a 100 year
return period event of 240min duration under the 2050 development.
Figure 5.21 and Figure 5.23 illustrate the extent to which the different implementation
scales reduce the contributing surface storm area as well as the flood volume under
the different scenarios. Within 2010 urban development scenario, during frequent
storm events (M5-30), a maximum reduction of 90% of the river flood volume was
observed if the contributing area is decreased by 15% under neighbourhood and
municipal scales. In contrast, if technologies are implemented at the household scale,
the river flood volume only reduces by a maximum of 60% at the maximum. One
more time the correlation coefficient R2 has been calculated in order to assess the
difference between the three scales implemented at different number able to control
the river flood volume. The correlation coefficient R2 obtained for M5-30 events for
the three scales is 0.749. The river flood volume analyses show that R2 decreases with
increasing rainfall intensity and river volume. Moreover, the three set of data show
that larger the scale is bigger the flood river reduction is achieved; indeed municipal
scale shows better results than neighbourhood and households scales.
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Figure 5.21. Comparison of scaling up rainwater harvesting on the total river flood volume
reduction for a M5-30 event.
For the 2050 development, the analysis shows that rainwater harvesting systems
reduce the river flood volume by up to 40%. Figure 5.22 and Figure 5.23 detail the
variation of total river flood volume and the reduction in percent. As can be seen in
Figure 5.22, river flood volumes increase within 1M2050 for M5-240 and for 3M2050
under M100-240. Figure 5.23 highlights that significant difference river flood
volumes are not significantly different between scenarios 2M2050 and 3M2050 under
frequent events. However under extreme events, we observe a significantly higher
reduction in flood volumes for scenario 3M2050 than in the other scenarios,
suggesting that the implemented rainwater harvesting scheme is more likely to
mitigate river floods.
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Figure 5.22. Total river flood volume when rainwater harvesting systems are present within
development 2050 under 5 and 100 year return period events.
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Figure 5.23. Comparison of total river flood volume reduction for extreme and frequent events
when rainwater harvesting systems are present within urban development 2050.
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5.2.3 Influence of rainwater harvesting on river low flows
Drought and river water abstraction are well known to be the cause of low river flow.
Therefore, the impact of rainwater abstraction on the river flow in the Catchment was
simulated for a period of five years. Given the considerable time and computational
capacities required to perform such long-term simulations, wastewater flows were not
modelled during this activity. Consequently, rainwater tanks were removed; the
problem of overflowing tanks due to extreme rainfall events will therefore not be
addressed in this analysis. For both urban developments, the basecase scenario flow
was compared with the flows simulated for scenarios 3B2010 and 3M2050. As can be
seen in Figure 5.24 and Figure 5.25, the river flow volume is reduced in both
development scenarios.
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Figure 5.24. Variation of river flow at the Carrickmines Bridge river gauge between 2010
basecase and 3B2010 under present conditions.
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Figure 5.25. Variation of river flow at the Carrickmines Bridge river gauge between 2050
basecase and 3M2050 under present conditions.
In order to assess if low flows were occurring within the Carrickmines catchment, the
peak flow observed at the Carrickmines bridge river gauge was compared with the
river low flow data determined by the Irish EPA. According to the Irish EPA, low
flow is occurs at the Carrickmines bridge road river gauge when the river flow does
not exceed 0.025m3/s. However, the results obtained for the four simulations carried
out and presented in the Table 5.6 show that the river peak flow is 80% of the time
lower than the low flow definition determined by the EPA.
Table 5.6. Review of the results obtained for the low flow analysis at the Carrickmines Bridge
river gauge.
Scenarios % of the time when peak
flow is equal to 0m3/s
% of the time when peak flow
does exceed 0.025m3/s
Present Future Present Future
Basecase 2010 43 58 83 88
3B2010 46 58 85 88
Basecase 2050 43 78 84 88
3M2050 43 78 84 88
This observation provides evidence that the baseflow data used to carry out the study
is under estimated. Therefore in order to re-assessed the low flow analysis of the
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Carrickmines river, monitored baseflow data must be available and used to rerun the
simulations. And therefore, the low analysis carried out for the Carrickmines bridge
river gauges is not really representative of the river flow expected for long term
simulations.
5.3 Influence of rainwater harvesting systems on
drinking water
Finally, the ability of rainwater harvesting systems to conserve drinking water sources
has been assessed. The first observation of Table 5.7, Table 5.8 and Figure 5.26 is the
difference of volume collected between 1981 and 1985 (present conditions) and 2075
and 2079 (future conditions). Under future conditions, the total volume of water
collected and re-used is smaller than the volume re-used under present conditions. For
1981 (year 1), 1982 (year 2) and 1984 (year 4), under present condition, the total
amount of water re-used was 14, 28l. This figure is 36% higher than under future
conditions. In contrast, 2077 (year 3) and 2078 (year 4) under future conditions, 10
and 11% more water was re-used when compared to present conditions. Overall,
household use of collected rainwater (in volume) progresses linearly under present
conditions. In other words, the amount of water collected and re-used per year does
not vary too much across the five year period. For the years 1981, 1983 and 1984, the
amount of water re-used represented 18% of the total volume of water re-used along
the five years simulations. However for 1982 and 1985, the percentages were 22 and
24%. For future conditions, similar results were observed. For the years 2075 and
2076 the volume of rainwater re-used equals 18% of the total volume re-used during
the five years. For 2079, 17% and for the years 2077 and 2078 23% for each year. To
conclude, the volume of water re-used over the 10 year period simulated did not vary
significantly from one year to another. The repartition of pumping period along the
year and for each year is also an interesting point to check to see when the rainwater
harvesting will be present to be re-used, Figure 5.27. As expected, the more
technologies are implemented within the catchment, the more water can be saved.
However, the reduction is directly linked to the quantity and frequency of rainfall in
the catchment.
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Table 5.7. Summary of drinking water saved in 2010. Average value obtained for the 5 year
simulation.
2010 present conditions 2010 future conditions
Volume of
drinking water
saved per year
Average
reduction of
wastewater
produced
Volume of
drinking water
saved per year
Average
reduction of
wastewater
produced
1B2010 63Ml 3% 55Ml 3%
2B2010 157Ml 8% 136Ml 7%
3B2010 251Ml 12% 217Ml 11%
Table 5.8. Summary of drinking water saved in 2050. Average value obtained for the 5 year
simulation.
2050 present conditions 2050 future conditions
Volume of
drinking water
saved per year
Average
reduction of
wastewater
produced
Volume of
drinking water
saved per year
Average
reduction of
wastewater
produced
1M2050 245Ml 4% 213Ml 3%
2B2050 618Ml 9% 587Ml 8%
3B2050 979Ml 14% 851Ml 13%
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Figure 5.26. Cumulative rainwater re-use for household during present and future conditions for
urban development 2050.
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Table 5.9. Rainwater harvesting system performance over five years.
Cumulative volume
(m3)
Rainwater
harvesting collected
(m3)
% of rainwater
harvesting volume re-
used per year
Years Present Future Present Future Present Future
Year 1 1117 964 1117 964 18 18
Year 2 2458 1935 1341 971 22 18
Year 3 3570 3160 1112 1225 18 23
Year 4 4565 4369 1085 1209 18 23
Year 5 6089 5280 1434 911 24 17
Figure 5.27 illustrates the percentage of pumping time over the five years simulated
for present and future events. Figure 5.27 shows the availability of collected rainwater
during winter/spring, summer and autumn/winter. During the summertime of year 1
under present conditions and year 2 under future condition rainwater was available for
re-use less than 40% of the time (Figure 5.27). In contrast the same period in year 2
under present condition was rather wet and therefore rainwater was available for re-
use 78% of the time. These findings illustrate that rainwater availability significantly
varies from one season to another. In the best case, rainwater is available 95% of the
time and in the worst only 35% of the time. Therefore, whilst rainwater harvesting is a
good technique to control drinking water demand, its efficiency is highly dependent
on rainfall frequency and intensity.
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Figure 5.27. Pumping time comparison over the 5 year simulations for present and future
conditions.
5.4 Comparative analysis
In order to determine the relative performance of rainwater harvesting technologies in
terms of reducing drinking water demand, wastewater volume, runoff volume and
river peak flows under each scenario, a comparative analysis was conducted (see
Section 3.6.2).
5.4.1 Comparison of the hydraulic performance under the 2010
urban development
The radar charts present in Figure 5.28 and Figure 5.29 compare and integrate the
results obtained when rainwater harvesting systems are implemented at catchment
scales within 2010 urban development scenarios. The results highlight a reduction of
index for the volume of re-used under all the tested rainfall events (4 top 100 events
simulations). The volume of drinking water savings consistently increase with the
number of technologies implemented in the Carrickmines catchment.
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Concerning the sewer volume coefficient (SVC) no reduction of index has been
observed under all the tested rainfall events.
Moreover, Figure 5.28 highlights an important decrease in the peak flow coefficient
(PFC) under present and extreme rainfall conditions. Indeed for 2B2010 and 3B2010
scenarios index drop from 4 to 3 and 2 respectively under extreme events. As a result,
rainwater harvesting systems have an impact on catchment hydrology and therefore
river peak flow. Concerning the runoff volume coefficient (RVC), the analysis
identifies a reduction of RVC for scenario 3B2010 under frequent event.
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Figure 5.28. Comparison of the hydraulic performance indices for the 2010 urban development
under present conditions.
Similar observations are made for Figure 5.29 under future rainfall events, concerning
the hydraulic flows (VRC and SCV). However concerning the hydrological network,
only for scenario 3B2010 (80% of the accommodations are connected to a rainwater
harvesting system) a reduction of peak flow coefficient (PFC) and runoff flow
coefficient (RFC). The radar charts results identify the rainwater harvesting capacity
limit to control hydrological flow under extreme and future rainfall conditions.
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Figure 5.29. Comparison of the hydraulic performance indices for the 2010 urban development
under future conditions.
5.4.2 Comparison of the hydraulic performance of the 2050
urban development
This section introduced to radar charts obtained for 2050 development using the
comparison method designed in Section 3.6.2, (he Figure 5.30 and Figure 5.31). The
implementation of rainwater harvesting systems contributes to reduction volume re-
used coefficient (VRC) for all the rainwater harvesting scenarios for the 2050
development. The 2050 basecase index was 7 and for the scenario 3B3050 (when
80% of the accommodation are connected to a system), an index of 3 was obtained.
Concerning the variation of sewer volume coefficient (SVC), a reduction is observed
however it is minim as index drop from 7 to 6 under frequent event.
Concerning the hydrology influence of rainwater harvesting on the hydrology of the
Carrickmines catchment, this time only peak flow coefficient (PFC) for scenario
3M2050 is influenced for the four testes set of rainfall events (frequent, extreme,
present and future). Moreover, the coefficient value obtained is 6 (the basecase
scenario 7). Therefore, comparing results obtained for both developments, the
comparison analysis has highlighted a most import influence on hydrological
parameters within development 2010 (with is 20% smaller than development 2050).
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Figure 5.30. Comparison of the hydraulic performance indices for the urban development 2050
under present conditions.
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Figure 5.31. Comparison of the hydraulic performance indices for the urban development 2050
under future conditions.
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The comparative analysis shows that the implementation of rainwater harvesting
systems will considerable reduce water supply, and also reduce sewer flows, peak
flow and runoff volume.
The modelling activities carried out on the Carrickmines catchment to identify the
influence of implementing rainwater harvesting system at different scale and number
have quantified the variation of wastewater volume discharge within the sewer
network, the sewer flood volume, the river volume, the peak flow volume at both river
gauges and the volume of drinking water saved.
The results show a net reduction of wastewater volume and flood when rainwater
harvesting systems are implemented. Findings suggest that the implementation scale
has little influence on the wastewater volume. When 80% of households are
connected to harvesting technologies, sewers remain free of floods regardless of the
severity of the rainfall events.
The results show a net reduction of river flow volume and flood when rainwater
harvesting systems are implemented. The size of the technology influences the extent
to which the volume as well as peak flow levels reduce. Results suggest that rainwater
tank overflows influence the peak discharge of the river at the Carrickmines bridge
river gauge. The influence has been found to be related to the scale of the technology.
More specifically, when harvesting systems were implemented at the municipal scale
under the 2050 urban development the river peak flow increases under heavy rainfall
events (M100).
A significant increase of water available for domestic use can be achieved. The
volume of water is directly linked to the rainfall pattern. Results indicate that the
amount of water saved per year does not vary significantly from one year to another.
However, under future rainfall conditions, the volume of rainwater available for re-
use was significantly smaller than the volume available under current conditions.
Therefore tank size may have to be upgraded in order to increase the volume of water
for re-use. Moreover, the pumping time assessment shows a significant difference in
the pumping times from month to month. As a result, water might not be made
available when it might be needed most. Therefore, combining rainwater harvesting
Chapter5 Rainwater harvesting results
Nathalie Bertrand Cranfield University PhD Thesis 2008
142
systems with a recycling technology which is independent of rainwater patterns could
be a solution to save drinking water during dry periods.
5.5 Summary
The quantitative modelling activities carried out to identify the influence of
implementing rainwater harvesting systems on the sewer hydraulic network show a
consequent reduction of the total volume present in the Carrickmines sewer network.
The analyses identified a complete reduction of sewer flood when most of the new
habitations (80%) for both urban development stages (2010 and 2050) are connected
to a rainwater harvesting system.
Moreover, a decrease of runoff volume across the entire catchment has also been
identified. The modelling activities show that the scale of the rainwater harvesting
systems does not affect the volume of runoff reduce. Indeed, the correlation
coefficient analyses carried out show that for the three testes scales (household,
neighbourhood and municipal) the coefficient was always exceeded 0.99.
Concerning the ability of rainwater harvesting systems to influence river volume and
peak flow, this time the results are influence by the scale of the technologies
implemented. Indeed, municipal scale technologies involve a river peak flow increase
(when compared to the basecase peak flow obtained) under extreme condition due to a
massive overflow of the harvesting tanks. However, under frequent event the
implementation of rainwater harvesting at any scale and number is a useful technique
to control river flow and floods.
Finally, reusing harvested rainfall to flush to toilet will induce a reduction in drinking
water supplied for domestic purposes. This amount of water saved has been quantified
for the 10 years tested (5 years present and 5 years future conditions). The results
show that the volume reuse is directly link to the volume of rainfall; therefore the
rainwater harvesting volume available may be different from one year to another.
However, the volume of water re-used over the 10 year period simulated did not vary
significantly from one year to another. More important, the volume of water reused
under present condition is higher than under future conditions, as a result rainwater
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harvesting systems may have to be resized (harvesting tank bigger for example) in
order to optimise the rainwater re-used. This tank optimisation will also be able to
balance the difference in pumping time observed depending of the season of the year.
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6 Chapter 6 Results for combined
greywater and rainwater systems
This Chapter presents the results obtained when the rainwater harvesting and
greywater technologies are combined within the Carrickmines catchment. The
combined technology scenarios designed for the analyses are detailed in Table
6.1. The first section reviews the influence of the combined technologies on the
wastewater network. Then the influence on the catchment hydrology is illustrated.
The third section quantifies the amount of drinking water saved. Finally, the last
section reviews the results and compares the runoff, the peak flow, the drinking
water and total wastewater reduction achieved under present and future conditions
for the four scenarios.
Table 6.1. Introduction of combine technologies scenarios designed.
Percentage of blocks connected
to rainwater harvesting
systems
Percentage of blocks
connected to greywater
recycling systems
Scenario 1 20 20
Scenario 2 80 80
Scenario 3 20 80
Scenario 4 80 20
6.1 Influence of combined systems on the
wastewater sewer network
The influence of combining rainwater harvesting and greywater technologies on
the wastewater sewer network was assessed by quantifying the wastewater
volume obtained for each simulation. The influence of reducing sewer flood was
assessed by quantifying the volume of sewer flood volume for each simulation
and by identifying the locations of floods.
6.1.1 Variation of total sewer volume
In order to assess the extent to which the combination of greywater and rainwater
harvesting systems contribute to a reduction of the waste water volume, the total
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volume of wastewater obtained for each scenario was compared to their respective
basecase scenario. The results obtained under the four top 100 simulations (Table
5.1) show that the wastewater volume discharged in the sewer network
systematically reduces in all scenarios when both technologies are implemented.
Substantial reductions are observed in Scenario 2 where 80% of households are
connected to both rainwater harvesting and greywater recycling technologies.
Table 6.2 shows that under 100 year return period events lasting 60minutes,
wasterwater reductions can be achieved of up to 20% Findings suggest that the
more technologies are implemented the bigger the reductions will be. Figure 6.1
provides a more detailed illustration of the wastewater reductions in each scenario
under frequent events. As already stated, scenario 2 involves the highest
reductions under frequent and extreme events at present and future rainfall
conditions. Under heavy rainfall events, comparatively higher reductions can be
observed in Scenarios 2 and 4. In contrast, Scenarios 3 and 2 achieve higher
reductions under the driest rainfall events. Given these differences, we can
conclude that rainwater harvesting systems seem to be more effective to control
wastewater volumes during extremes rainfall events whereas greywater recycling
systems tend to be more effective under dry events.
Table 6.2. The reduction of wastewater volume observed for 5 year and 100 year return
period event of duration of 30 minutes.
One in 5 year 60 minutes event One in 100 year 60 minutes event
Volume of
wastewater
reduction (m3)
%
wastewater
volume
reduction
Volume of
wastewater
reduction (m3)
% wastewater
volume
reduction
Scenario 1 977 5% 1018 5%
Scenario 2 4182 22% 5834 26%
Scenario 3 3802 20% 3840 19%
Scenario 4 1692 9% 2374 11%
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6.1.2 Ratio rainwater / wastewater
The forecast wastewater volume reduction caused by the implementation of
rainwater harvesting and greywater recycling technologies is likely to change the
rainwater/wastewater ratio in the sewer network. Figure 6.2 illustrates the variation
of ratio for the four set of rainfall events and compares the 2050 basecase scenario
with the four combined scenarios. Results show that the ratio observed in Scenario 3
is exceeding the basecase curve under extreme rainfall events and Scenario 2 under
small rainfall events. Under frequent rainfall conditions, the ratio obtained does not
exceed the value of 0.35 during present conditions and 0.6 under future condition.
Therefore the amount of rainfall entering the sewer network is acceptable and the
degree of dilution is not expected to affect the water treatment process significantly.
A net increase of Scenario 3 is observed under extreme rainfall conditions with the
ratio lower than 1.8 under present and 2 under future conditions. These findings
show that under extreme conditions the implementation of the two technologies
might result in the heavy intrusion of rainfall into the sewer network and eventually
the dilution of wastewater and the increased occurrence of sewer floods. The latter
problematic will be addressed in the subsequent sections.
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6.1.3 Variation of total sewer flood volume
In order to understand how the concurrent implementation of rainwater harvesting and
greywater recycling technologies affects sewer flood volume, the total flood volume
was identified for each scenario and compared with the 2050 basecase scenario (Figure
6.3). First it should be noted that no floods occurred within the new 2050 urban
development under Scenarios 2 and 4 when 80% of all the blocks are connected to
rainwater harvesting systems. Figure 6.3 shows that for M50-480 rainfall event, the total
flood volume is considerably reduced by at least 91%. Under Scenarios 1 and 3, sewer
floods set in with five year return period events. The total flood volumes for both
scenarios, however, are with 40 and 13m3 lower than the 2,353m3 recorded in the 2050
basecase scenario.
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Figure 6.3. Total sewer volume within development 2050.
Following this analysis, the location and number of flooded nodes for 5 year events and
100 year events with a 30 to 240 minutes duration were identified The analysis
distinguishes between nodes where floods volumes lie below 25m3 and those where the
volume exceeds 25m3. Furthermore nodes where surcharge occur were counted,
surcharge occurs when the conduit reaches its maximum volume capacity. Figure 6.3
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shows that for the four scenarios and under five year return events, none of the nodes
flooded at a level above 25m3. Moreover the results obtained for Scenario 1 and 3 are
really similar when the numbers of nodes are compared for 5 and 100 year events.
Therefore, it can be concluded that when 80% of blocks are connected to rainwater
harvesting systems, floods cease to occur within the sewer network for the 2050
development scenario. When 20% of blocks are connected to rainwater harvesting
systems and 80% or 20% to greywater re-use technologies, the flood intensity is
considerably reduced but the flood frequency remains the same when compared to the
basecase scenario.
Table 6.3 Number of nodes than flood under 5 and 100 year return period
One in 5 year event
Basecase Scenario 1 Scenario 2 Scenario 3 Scenario 4
Number of nodes above 25m3 11 0 0 0 0
Number nodes less than 25m3 39 16 0 12 0
No flood but surcharge 124 41 0 37 0
One in 100 year event
Basecase Scenario 1 Scenario 2 Scenario 3 Scenario 4
Number of nodes above 25m3 29 15 0 13 0
Number nodes less than 25m3 147 59 0 58 0
No flood but surcharge 87 103 16 101 15
Figure 6.4 and Figure 6.5 indicate the position of the nodes where floods or surcharges
occur under the 2050 development scenario. In Figure 6.4 green nodes represent nodes
where nodes did not exceed 25m3 and in brown nodes where surcharge occurred
whereas in Figure 6.5 blue nodes identified flood bigger than 25m3, green nodes
represent flood locations smaller than 25m3, and brown nodes highlight the location of
surcharge occurrences.
As can be seen, the majority of floods occur in connection nodes where conducts join.
It should also be noted that flood nodes are located in the south east of the sewer
network. Figure 6.5 shows that under 100 year return period events, most of the 2050
urban development will be affected by sewer network flood, even though the volume of
floods has been identified to be very small compared to the basecase scenario.
Therefore, the technology combination tested in Scenario 1 (20% rainwater harvesting
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technologies and 20% greywater recycling technologies) might not be the best to solve
sewer flood problems.
Figure 6.4. Flood identification for Scenario 1 under the 5 year return period event.
Figure 6.5. Flood identification for Scenario 1 under the 100 year return period event.
Surcharged nodes
Flooding volume < 25m3
Flooding volume > 25m3
Surcharged nodes
Flooding volume < 25m3
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Figure 6.6 shows the nodes facing surcharge problems under the 100 year return period
event for Scenarios 2 and 4 (brown nodes show surcharge). When 80% of the blocks are
connected to rainwater harvesting systems, none of the nodes experiences sewer floods
and only few nodes are facing surcharge problems under heavy rainfall. Moreover, there
was little variation in the results when comparing the flood data, regardless of whether
20% or 80% greywater recycling systems were implemented in addition to the rainwater
harvesting systems present in the catchment.
Figure 6.6. Surcharge nodes identification for Scenarios 2 and 3 under 100 year return period
event.
Scenario 3 produced results very similar to Scenario 1 (Figure 6.7 and Figure 6.8). The
lower part of the catchment suffers from the same sewer floods under 100 year return
period event. When results are compared with Scenario 1, the results indicate that the
higher number of greywater recycling systems reduces the intensity of flood volume
occurrences. However, the location and frequency of floods are not affected; floods are
still occurring all over the sewer network while many habitations are connected to
technologies. Based on these findings, it can be concluded that the technology
Surcharged nodes
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combination in Scenario 3 (20% rainwater harvesting and 80% greywater) is not the
most suitable to effectively control sewer flooding.
Figure 6.7. Floods identification for Scenario 3 under 5 year return period event.
Figure 6.8. Floods identification for Scenario 3 under 100 year return period event.
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Flooding volume > 25m3
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6.2 Influence of combined systems on the
Carrickmines catchment hydrology
The influence of installing combined technologies on the Carrickmines catchment
hydrology was assessed. However, the analyses showed that Scenarios 1 and 3
hydrology network behave like scenario 1M2050 (Chapter 5) and Scenarios 2 and 4 is
like 3M2050 (see Annex 3, Figure A3.1, Figure A3.2 and Figure A3.3). Therefore, a
detailed description of results in this Chapter will be foregone and results will only
briefly be summarised: the total volume of the river flow will reduce under frequent and
extreme events in each of the four scenarios The peak flows at the two river gauges will
reduction under any rainfall for Scenarios 1 and 3; however for scenarios 2 and 4 under
extreme event and at Carrickmines bridge river gauge an increase of peak flow can be
observed due to rainwater harvesting tanks overflowing into the river.
6.3 Influence of combined systems on drinking water
The volume of drinking water saved was assessed by adding the total volume of
harvested rainwater and of greywater re-used. Table 6.4 summarises the total drinking
water volume modelled to be saved under present and future conditions. A maximum of
36% of drinking water can be saved in Scenario 2 under present condition. Considering
that Scenario 2 foresees the highest implementation rate for both technologies, the
results where expected. A comparison between Scenario 3 and 4 shows that 25% of
drinking water is saved in Scenario 3 as opposed to 20% in Scenario 4. This result
indicates that that greywater recycling systems are comparatively more effective in
terms of water saving than rainwater harvesting technologies.
Table 6.4. Average drinking water saved for the 5 year simulated under present and future
conditions.
2050 present conditions 2050 future conditions
Volume of
drinking water
saved per year
Average
reduction in
water supply
Volume of
drinking water
saved per year
Average
reduction in
water supply
Scenario 1 585Ml 9% 553Ml 8%
Scenario 2 2,350Ml 36% 2,222Ml 34%
Scenario 3 1,616Ml 25% 1,584Ml 24%
Scenario 4 1,319Ml 20% 1,191Ml 18%
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6.4 Comparison analysis
In order to determine the relative performance of the technologies with respect to
reducing drinking water demand, wastewater volume, runoff volume and river peak
flow in each scenario, a comparative analysis was carried out (See Section 3.6.2).
Figure 6.9 represents the results obtained under present conditions.
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Figure 6.9. Radar chart obtained for combined technologies under present conditions
The Figure 6.9 represents the ability of each of the four scenarios to enhance the water
cycle within the Carrickmines catchment. The results highlight the efficiency of
combining the technologies to save drinking water when coefficients are compare to the
one obtained for the basecase scenario. For example, Scenarios 2, 3 and 4 volume re-
used indexes show better result than index obtained for Scenario 1. Concerning the
sewer volume reduction, only Scenarios 2 and 3 (both have 80% greywater recycling
technologies) show a reduction in the total sewer volume index.
Finally, concerning the change in the catchment hydrology (runoff and river peak flow)
Scenarios 2 and 4 (both have 80% rainwater harvesting technologies) show a reduction
for PFC and RVC under extreme events.
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Figure 6.10 reviews the results compare for the future climate change simulated.
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Figure 6.10. Radar chart obtained for combined technologies under future conditions
The results obtained under present conditions are confirmed under future conditions.
Very good indexes are obtained for Scenarios 2 and 3 concerning the volume of re-use
water. However, the comparison analyses show that the use of the combined
technologies in order to control runoff and river peak flow is not limited and not
sufficient. Indeed, when results are compared with the basecase runoff and peak flow
indexes obtained no significant indexes reductions are obtained except for PFC extreme
events for Scenarios 2 and 4.
To conclude, volume of drinking water re-used coefficient (SRC) is the parameters
compared in the analysis the most influenced. Moreover, the combination of both
technologies does not influence much the sewer volume coefficient (SVC) and the two
hydrological parameters assessed (PFC and RVC). Therefore, the comparison analysis
highlights a little benefit in combining of the two technologies (greywater and rainwater
systems) in order to improve hydrological flows.
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6.5 Summary
The modelling activities quantified the effect of combining greywater recycling and
rainwater harvesting within the 2050 urban development of the Carrickmines catchment
on: the total volume present in the sewer network, sewer floods, the river flow and flood
as well as the cumulative amount of drinking water saved.
The results show a net reduction of wastewater volume and sewer flood when both
technologies are implemented. Scenario 2 and 4 shows to be more efficient to reduce
sewer floods, as no floods were observed under both scenarios. However, Scenario 1
(20% greywater and 20% rainwater harvesting) did not show to be the best combination
to solve sewer flood issues under extreme rainfall events.
Concerning the influence of the combined technologies to reduce runoff volume and
river peak flow, the results identified a reduction in runoff volume due to the presence
of rainwater harvesting technologies. However, the ability of the harvesting
technologies to control runoff under extreme events has been shown to be limited.
Therefore, combining the technologies is not sufficient to control surcharge of the
hydrological under extreme rainfall events and under the tested future climate change
conditions. As a result, in order to enhance urban drainage and control river flood
occurring other technologies such as SUDS should be implemented to support the urban
hydrology.
The findings suggest that a combination of rainwater harvesting and greywater
recycling systems can successfully control rainwater intrusion into the sewer network as
well as reduce the production of daily wastewater.
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7 Chapter 7 Sensitivity Analysis
This Chapter focuses on the sensitivity analysis executed to assess the variation of
output of the design model to different sources of input. The parameters selected can
influence the model output therefore sensitivity analysis has to be carried out to
identify any variation due to the parameters used. This chapter will review the
methodologies available to carry out sensitivity analysis. Then the two conducted
analyses will be introduced, the first one assessed the parameters present within the
runoff equation and the second analysis focused on the assumptions used to design the
urban development scenarios.
7.1 Proposed approach for the sensitivity analysis
Sensitivity analysis is part of the calibration process and it is carried out to rank model
parameters according to the degree to which they influence the model outputs. The
analysis can be either qualitative or quantitative. Qualitative methods are aimed at
screening or ranking active factors whereas quantitative techniques can be designed to
give information on the amount of variance explained by each factor. Local
approaches, also called ‘one-at-a-time’, identify the effect of variation of a single
factor whereas global approaches estimate the effect on the output of a factor when all
the others factors are varying, enabling the identification in interactions on non-linear
models (Cariboni et al., 2007; Francos et al., 2003). Table 7.1 reviews the different
methods available to carry out sensitivity analysis.
An approach similar to the one used by Artina et al. (2007) was adopted to carry out
the sensitivity analysis in this study. The one-at-a-time method is used in the initial
software (InfoWorksTM CS) and a Nash-Sutcliffe coefficient estimation was carried
out to test the behaviour and reliability of the model to parameters (see Section 3.5.2).
This method was selected because it does not require the use of other modelling tools
and is able to carry out both a qualitative and quantitative analysis of the model.
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The sensitivity analysis looked at two data sets. Runoff parameters were selected to
identify the influence of PR equation present within InfoWorks CS on river flow
prediction and the second set of data assessed the designed parameters used to build
the two urban development scenarios.
The parameters selected for the test were the runoff parameters on which the runoff
coefficient is calculated in the model: i) Runoff routing value (RRV) determines how
quickly the rainfall enters the drainage system from the catchment, ii) Initial Loss
values (LS) determines the quantity of rainfall required to just cause overland flow
and iii) Fixed Runoff Coefficient (FRC) defines a fixed percentage of the net rainfall,
which becomes runoff (Table 7.2). However, using fixed runoff coefficients for
pervious areas is not recommended as the runoff from these areas varies with the
antecedent wetness of the catchment. In these situations it may be necessary to vary
the coefficient for different storm conditions.
Table 7.2. Hydrological default values typical for impervious area
Parameters Default value Value changed
Runoff Routing value (RRV) 1.0 0.2, 1.0, 2.0, 4.0, 6.0
Initial Loss (m) 7 × 10-5 5 10-4, 1 10-5, 1 10-6, 1 10-7
Fixed Runoff Coefficient 0.70 0.1, 0.5, 1.0.
The parameters’ influence on the river flow at the two river gauges was assessed for
the three basecase networks (basecase 2002, 2010 and 2050), as well as for three
rainfall events: 25th August 1986, and 5 and 100 year return period events. A total of
252 simulations were run. The goodness of fit between measured and simulated data
was then evaluated using the Nash-Sutcliffe coefficient (ENS).
7.2 Influence of the runoff parameters on the
hydrological network
The peak flow observed at the two river gauges for each run are reported for the three
rainfall events for each of at the three urban developments scenarios. The section is
divided into three sub-sections. Each sub-section covers the results of the three runoff
parameters tested. It also has to be mentioned that due to the lack of measured data
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available, the Nash-Sutcliffe coefficient (ENS) has been calculated comparing
modelled data obtained using the initial or default parameters with results obtained
with changed parameters.
7.2.1 Influence of the Fixed Runoff Coefficient (FRC) on the
hydrology
Figure 7.1, Figure 7.2 and Figure 7.3 review the hydrographs obtained for the three
rainfall events under 25th of August 1986 rainfall event, the 100 year return period
event and the 5 year return period event. The results show the river peak flow to be
influenced by the FRC value. When the FRC value increases, the river peak flow
observed at the two river gauges also increase, and when FRC decreases toward 0.1
the peak flow values also decrease.
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Figure 7.1. Comparison between river flows at the two river gauges when the Fixed Runoff
Coefficient (FRC) varies from 0.1 to 1.0 for the rainwater event 25th of August 1986.
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Figure 7.2. Comparison between river flows at the two river gauges when the Fixed Runoff
Coefficient (FRC) varies from 0.1 to 1.0 during a 100 year return period event.
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Figure 7.3. Comparison between river flows at the two river gauges when the Fixed Runoff
Coefficient (FRC) varies from 0.1 to 1.0 during a 5 year return period event.
Chapter7 Sensitivity analysis
Nathalie Bertrand Cranfield University PhD Thesis 2008
165
The Nash-Sutcliffe coefficients (ENS) obtained are reviewed within Table 7.3, Table
7.4 and Table 7.5.
Table 7.3. Nash-Sutcliffe coefficient analysis results obtained when FRC parameter was tested for
the 2002 development.
Rainfall simulation
1986 100 year return 5 year return
Carrickmines Common Carrickmines Common Carrickmines Common
FRC=0.1 0.993 0.960 0.872 0.863 0.154 0.875
FRC=0.5 0.999 0.996 0.986 0.985 0.897 0.986
FRC=1 0.998 0.990 0.972 0.966 0.766 0.964
Table 7.4. Nash-Sutcliffe coefficient analysis results obtained when FRC parameter was tested for
the 2010 development.
Rainfall simulation
1986 100 year return 5 year return
Carrickmines Common Carrickmines Common Carrickmines Common
FRC=0.1 0.920 0.771 0.402 0.513 0.079 0.007
FRC=0.5 0.991 0.974 0.935 0.946 0.896 0.878
FRC=1 0.981 0.943 0.854 0.884 0.776 0.735
Table 7.5. Nash-Sutcliffe coefficient analysis results obtained when FRC parameter was tested for
the 2050 development.
Rainfall simulation
1986 100 year return 5 year return
Carrickmines Common Carrickmines Common Carrickmines Common
FRC=0.1 0.538 0.495 0.294 0.199 0.090 0.018
FRC=0.5 0.949 0.943 0.923 0.917 0.899 0.882
FRC=1 0.888 0.876 0.819 0.830 0.783 0.747
First, increasing the value of FRC results in increase scenarios in the peak flow
intensity for the three rainfall events and three urban development scenarios. The
influence of FRC variation is more important under the 2010 and 2050 developments
than the 2002 base scenario. Under 25th of August 1986 rainfall event and 100 year
return period events, a variation in the river peak flow is observed at both river gauges
and for each urban development. However, under the 5 year return period event, for a
value of FRC equal to 0.1, Figure 7.3 reports a big influence on river flow at the two
river gauges, the flows observed are really close to zero. The variation of the fixed
runoff coefficients influences the value of ENS within the three developments under
the three rainfall events.
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7.2.2 Influence of the Initial Loss (LS) on the hydrology
Figure 7.4, Figure 7.5 and Figure 7.6 review the hydrographs obtained under the 25th
of August 1986 rainfall event, 100 year return period event and 5 year return period
event. The results only identify a slight delay in the when LS increase under 25th of
August 1986 rainfall event, 100 year return period event, the same peak flow intensity
was observed. However under 5 year return period events, delay and intensity lower.
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Figure 7.4. Comparison between river flows at the two river gauges when the Initial Loss (LS)
varies from 1 10-7 to 5 10-4 for the event 25th of August 1986.
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Figure 7.5. Comparison between river flows at the two river gauges when the Initial Loss (LS)
varies from 1 10-7 to 5 10-4 during a 100 year return period event.
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Figure 7.6. Comparison between river flows at the two river gauges when the Initial Loss (LS)
varies from 1 10-7 to 5 10-4 during a 5 year return period event.
Table 7.6, Table 7.7 and Table 7.8 review the Nash-Sutcliffe coefficients (ENS)
obtained for the variation of the initial loss (LS).
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Table 7.6. Nash-Sutcliffe coefficient analysis results obtained when LS parameter was tested
within 2002 development.
Rainfall simulation
1986 100 year 5 year
Carrickmines Common Carrickmines Common Carrickmines Common
LS=0.0005 0.996 0.996 0.984 0.989 0.105 0.090
LS=0.00001 0.999 0.999 0.999 0.999 0.916 0.960
LS=0.000001 0.999 0.999 0.999 0.999 0.901 0.951
LS=0.0000001 0.999 0.999 0.999 0.999 0.899 0.947
Table 7.7. Nash-Sutcliffe coefficient analysis results obtained when LS parameter was tested for
the 2010 development.
Rainfall simulation
1986 100 year 5 year
Carrickmines Common Carrickmines Common Carrickmines Common
LS=0.0005 0.972 0.982 0.943 0.966 0.029 0.010
LS=0.00001 0.999 0.999 0.998 0.999 0.931 0.952
LS=0.000001 0.998 0.999 0.998 0.999 0.915 0.939
LS=0.0000001 0.998 0.999 0.998 0.999 0.912 0.937
Table 7.8. Nash-Sutcliffe coefficient analysis results obtained when LS parameter was tested for
the 2050 development.
Rainfall simulation
1986 100 year 5 year
Carrickmines Common Carrickmines Common Carrickmines Common
LS=0.0005 0.960 0.959 0.930 0.941 0.021 0.033
LS=0.00001 0.997 0.998 0.998 0.998 0.922 0.944
LS=0.000001 0.997 0.998 0.997 0.998 0.907 0.927
LS=0.0000001 0.997 0.998 0.997 0.998 0.905 0.923
Under 25th of August 1986 rainfall event, LS influence on peak flow is really
minimal, a delay in peak flow is observed when LS = 0.0005 at both river gauges and
LS = 0.00001 and 0.000071 at Common's road river gauges. The same observation
was made for 100 year return period events. However, under 5 year return period
events, for a value of LS. The variation of the fixed runoff coefficients influences the
value of ENS within the three developments under the three rainfall events.
7.2.3 Influence of the Runoff Routing Value (RRV) on the
hydrology
Figure 7.7, Figure 7.8 and Figure 7.9 review the hydrographs obtained under 25th of
August 1986 rainfall event, 100 year return period event and 5 year return period
Chapter7 Sensitivity analysis
Nathalie Bertrand Cranfield University PhD Thesis 2008
171
event. A small variation of the two peak flow is observed under the two following
rainfall events: 25th of August 1986 rainfall event, 100 year return period event.
However, under 5 year return period event the delay and intensity of the two peak
flow is more influence than under the two other rainfall events. Moreover, the
sensitivity analysis highlights a smaller variation of the peak flow when RRV varies
than with LS and FRR.
The Nash-Sutcliffe coefficients (ENS) obtained are reviewed within Table 7.9. Nash-
Sutcliffe coefficient analysis results obtained when RRV parameter was tested for the
2002 development. Table 7.9, Table 7.10 and Table 7.11.
Table 7.9. Nash-Sutcliffe coefficient analysis results obtained when RRV parameter was tested
for the 2002 development.
Rainfall simulation
1986 100 year 5 year
Carrickmines Common Carrickmines Common Carrickmines Common
RRV=0.2 0.999 0.999 0.998 0.999 0.967 0.997
RRV=2.0 0.999 0.999 0.998 0.999 0.968 0.996
RRV=4.0 0.999 0.999 0.990 0.998 0.816 0.972
RRV=6.0 0.998 0.999 0.984 0.996 0.650 0.930
Table 7.10. Nash-Sutcliffe coefficient analysis results obtained when RRV parameter was tested
for the 2010 development.
Rainfall simulation
1986 100 year 5 year
Carrickmines Common Carrickmines Common Carrickmines Common
RRV=0.2 0.999 0.999 0.995 0.999 0.975 0.999
RRV=2.0 0.999 0.999 0.994 0.999 0.970 0.999
RRV=4.0 0.995 0.998 0.970 0.994 0.821 0.9952
RRV=6.0 0.988 0.995 0.944 0.986 0.663 0.9889
Table 7.11. Nash-Sutcliffe coefficient analysis results obtained when RRV parameter was tested
for the 2050 development.
Rainfall simulation
1986 100 year 5 year
Carrickmines Common Carrickmines Common Carrickmines Common
RRV=0.2 0.999 0.999 0.995 0.999 0.977 0.993
RRV=2.0 0.999 0.999 0.994 0.998 0.971 0.989
RRV=4.0 0.993 0.995 0.968 0.988 0.823 0.926
RRV=6.0 0.984 0.988 0.938 0.971 0.667 0.843
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Figure 7.7. Comparison between river flows at the two river gauges when the Runoff Routing
Value (RRV) varies from 0.1 to 6.0 for the event 25th of August 1986.
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Figure 7.8. Comparison between river flows at the two river gauges when the Runoff Routing
Value (RRV) varies from 0.1 to 6.0 during a 100 year return period event.
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Figure 7.9. Comparison between river flows at the two river gauges when the Runoff Routing
Value (RRV) varies from 0.1 to 6.0 during a 5 year return period event.
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The routing runoff value variation shows little variation of peak flow, the peak flow
are slightly delayed when RRV increase. Under the 25th of August 1986 rainfall event
and 100 year return ENS always exceed 0.900 for the three urban developments at both
river gauges. However, under the 5 year return period event, EN observed is bigger
and 0.650 ENS is identified for RRV = 6.0 under the 2002 development.
7.3 Influence of three urban design parameters on the
hydrological network
In order to assess the parameters selected to design the urban development,
impervious area value, roof area surface and roof area contributing to the sewer
network have been modified as shown in Table 7.12. The method followed to assess
the sensitivity analysis is similar to the one describe in Table 7.12 at the exception
that not only peak flow at the river gauges were compared but also peak flow of two
conducts present within the urban development 2050.
Table 7.12. Hydrological default value typical for impervious area
Parameters Default value Value changed to
Impervious area 70% of new urban are 60 and 80%
Roof area surface 40% of impervious area 30 and 50%
Roof area contributing 5% of roof area 0 and 10 %
7.3.1 Sensitivity of hydrological results to changes in
impervious area
Figure 7.10 introduces the results relating to the important of varying the impervious
surface area between 60 and 80% of the total new urban area as measured by flows at
the two river gauges.
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Figure 7.10. Comparison between river flows at the two river gauges when the % of impervious
area in new development is varied from 60% to 80%
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The ENS values are introduced within Table 7.13.
Table 7.13. Nash-Sutcliffe coefficient analysis results obtained when impervious area varies
Rainfall simulation
1986 100 year 5 year
Carrickmines Common Carrickmines Common Carrickmines Common
IMP = 60% 0.938 0.999 0.995 0.959 0.848 0.918
IMP = 80% 0.997 0.999 0.994 0.898 0.990 0.991
The variation of runoff percentages influences the peak flow at both river gauges
under the three rainfall events. A more important difference is observed between 60%
and 70% impervious area and between 70% and 80% impervious areas. However, the
ENS coefficients obtained when compared to the initial results obtained for always
exceed 0.898. Therefore, the percentage impervious of new development has an
influence on river peak flow however the sensitivity analysis shows that the influence
is negligible.
7.3.2 Sensitivity of hydrological results to changes in roof area
Figure 7.11 and Table 7.14 introduce the results obtained when roof surface area
varies between 30 and 50% of the total imperious area on the river peak flow at
Carrickmines and Common's road river gauges.
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Figure 7.11. Comparison between river flows at the two river gauges when the roof area varies
from 30% to 50%
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Table 7.14. Nash-Sutcliffe coefficient analysis results obtained when roof area
Rainfall simulation
1986 100 year 5 year
Carrickmines Common Carrickmines Common Carrickmines Common
Roof area =
30% 0.999 0.999 0.999 0.999 0.999 0.999
Roof area =
50% 0.994 0.999 0.988 0.992 0.982 0.983
The variation of roof area surface from 30 and 40% same influence on peak flow at
the two river gauges. 50% more influence however the ENS coefficients are exceeding
0.980 for the three rainfall events. Therefore, the percentage of roof area of new
development has a small influence on river peak flow as shown by the sensitivity
analysis.
7.3.3 Sensitivity of hydrological results to changes in connected
roof area
Figure 7.12 and Table 7.15 introduce the results obtained when contributed roof
surface area varies between 0 and 10% of the total imperious area on the river peak
flow at Carrickmines and Common's road river gauges.
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Figure 7.12. Comparison between river flows at the two river gauges when the roof area
connected varies from 0% to 10%.
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Table 7.15. Nash-Sutcliffe coefficient analysis results obtained when roof area connected
Rainfall simulation
1986 100 year 5 year
Carrickmines Common Carrickmines Common Carrickmines Common
Roof connected =
0% 0.999 0.999 0.286 0.999 0.999 0.999
Roof connected =
10% 0.887 0.999 0.739 0.999 0.536 0.742
The variation of roof area surface between 0% and 5% does not show influence on
river peak flow. With 10% roof area surface more influence however the ENS
coefficients are exceeding 0.980 for the three rainfall events.
7.4 Influence of the three parameters on the sewer
network
The method followed to assess the sensitivity analysis is similar to the one describe in
Figure 7.13 at the exception that not only peak flow at the river gauges were
compared but also peak flow of two conducts present within the urban development
2050.
7.4.1 Sensitivity of hydrological results to changes in
impervious surface area
Figure 7.13 and Table 7.16 introduce the results obtained when impervious surface
area varies between 60 and 80% of the total new urban area on the sewer network.
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Figure 7.13. Comparison between pipes flows at the two river gauges when the % of impervious
area in new development varies from 60% to 80%.
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Table 7.16. Nash-Sutcliffe coefficient analysis results obtained when impervious area varies
Rainfall simulation
1986 100 year 5 year
Pipe 1 Pipe 2 Pipe 1 Pipe 2 Pipe 1 Pipe 2
IMP = 60% 0.999 0.208 0.985 0.165 0.999 0.449
IMP = 80% 0.999 0.968 0.980 0.870 0.988 0.986
Different results are observed between the two conducts. The peak flow variation
within the two conducts is varying a lot between the three rainfall events. For example
floods occur for pipe 2 under 100 return period rainfall events when 60 and 70% of
the new urban area is impervious. Therefore the volume of stormwater entering the
sewer network is really dependent to the approach follow to design the new urban
area. The ENS coefficients confirm the finding from Figure 7.13, with values going
from 0.999 and 0.165. ENS coefficients obtained for pipe 1 are always exceeding
0.980 whereas for pipe 2 reach the low value of 0.165. Therefore the sensitivity of
sewer peak flow due to urban development impervious area variation is different for
each pipes of the sewer network.
7.4.2 Sensitivity of hydrological results to changes in roof area
Figure 7.14 and Table 7.17 introduce the results obtained when roof surface area
varies between 30 and 50% of the total imperious area on the sewer network.
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Figure 7.14. Comparison between pipe flows at the two river gauges when the roof area varies
from 30% to 50%.
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Table 7.17. Nash-Sutcliffe coefficient analysis results obtained when roof area
Rainfall simulation
1986 100 year 5 year
Pipe 1 Pipe 2 Pipe 1 Pipe 2 Pipe 1 Pipe 2
Roof area = 30% 0.999 0.910 0.924 0.768 0.964 0.915
Roof area = 50% 0.999 0.901 0.927 0.738 0.963 0.916
The variation of roof area surface between 30 and 50% influence the sewer peak
flows within the two pipes and for the three rainfall events. The variation observed is
proportional of the roof area variation. However the ENS coefficients are exceeding
0.910 for pipe 1 and 0.738 for pipe 2. Therefore, the variation of roof area is less
significant than the impervious area observed in 7.4.2.
7.4.3 Sensitivity of hydrological results to changes in connected
roof area
Figure 7.15 and Table 7.18. Nash-Sutcliffe coefficient analysis results obtained when
roof area connected introduce the peak flow observed when contributed roof surface
area varies between 0 and 10% of the total imperious area on two pipes present on the
2050 urban development.
Table 7.18. Nash-Sutcliffe coefficient analysis results obtained when roof area connected
Rainfall simulation
1986 100 year 5 year
Pipe 1 Pipe 2 Pipe 1 Pipe 2 Pipe 1 Pipe 2
Roof connected = 0% -0.0987 -0.412 -0.052 0.129 0.439 0.410
Roof connected = 10% -0.0978 -0.523 -0.355 -0.449 0.449 0.057
Results in two pipes different, flood occur within the second pipes under 25th August
1986 and 100 year return period events when 5 and 10% roof area surface
contributing to the sewer network. The sewer network has been designed for 5% roof
area contribution to the network. Therefore the ENS coefficients are exceeding 0.910
for pipe 1 and 0.738 for pipe 2. Negative values of ENS observed for both pipes under
25th August 1986 and 100 year return period events. The negative value of ENS is due
to the pipe flooding during the extreme events (25th August 1986 and 100 year return
period events).
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Figure 7.15. Comparison between pipe flows at the two river gauges when the roof area
connected varies from 0% to 10%.
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7.5 Summary
Many simulations have been carried out. A sensitivity analysis has been performed.
Due to the lack of data available, the Nash coefficient (ENS) has been calculated
comparing modelled data obtained with the initial or default parameters with results
obtained with changed parameters.
The analysis carried out on the runoff parameters on the hydrological network
identified that the three parameters tested (Runoff Routing Value RRV, Initial Loss
LS and Fixed Runoff Coefficient FRC) have influences on the river flow results.
However, the influence has been observed to be minimal for LS under extreme events.
However, under frequent rainfall event (5year return period), the flow obtained was
reduced substantially when compared to the initial flow. This observation is true for
the three parameters, under 5 year return period event, the Nash coefficient (ENS)
value dropped for each simulation. Therefore, this finding highlights weaknesses of
the model under small rainfall events.
The sensitivity analysis then focused on the hydraulic network and identified the
influence of the urban development designed scenarios. The results show a net
variation of the flow volume within the sewer network for the three parameters under
the three tested rainfall events. Unlike previously, extreme rainfall events are causing
the biggest variation in flow and ENS. The findings can be explained by the occurrence
of sewer floods within the very extreme rainfall events (100 year return event). These
floods occurred as the sewer network (pipe size) has been designed for the selected
urban sewer network constructed. To conclude, the results obtained within the sewer
network are very sensitive to sewer network design.
Finally, the sensitivity analysis identified model weaknesses under frequent rainfall
events tested (5year return period or smaller events) and also the assumptions made to
design the sewer network have an important influence on the sewer results obtained.
To conclude, it has to be mentioned that the lack of monitored data available to
compare with the simulation results obtained limit the conclusions that can be drawn
from the sensitivity analysis achieved.
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8 Chapter 8 Discussion and conclusions
Growing population and climate change exert stress on water supply and increase the
risk of floods. Supplying sufficient water to consumers without damaging the
environment is and will be a problem for many cities around the world. The benefits
of implementing innovative recycling technologies in new urban areas to increase
water efficiency and to reduce the frequency and intensity of floods from rivers and
sewers overflows in order to support integrated water resource management (IWRM),
has been highlighted in Chapters 4, 5 and 6. New urban developments, rainwater
harvesting and recycling water technologies and climate changes scenarios have been
represented within InfoWorksTM CS and applied to the Carrickmines catchments in
Ireland. The modelling activities have enabled us to quantify the variation of
wastewater and sewer flood volumes as well as the river flow and flood volumes.
Furthermore for each scenario, the volume of drinking water saved was quantified.
The purpose of this Chapter is to identify and discuss the influence of implementing
these technologies within the Carrickmines catchment. First of all, the influence of the
technologies on the hydraulic network will be discussed for the greywater recycling,
the rainwater harvesting and combined scenarios, followed by a brief general
discussion about the sewer network designed. Then, the influence of the technologies
on the hydrological networks is introduced. The discussion will then focus on the
ability of the technologies to support drinking water supply. Finally, the Chapter
concludes on the ability of the technologies to identify the hydraulic and hydrologic
impacts of scaling up greywater recycling and rainwater harvesting at catchment
scale. The chapter ends by providing some suggestions for further research activities.
8.1 Summary of thesis objectives
The aim of the study carried out in this thesis was to identify the hydraulic and
hydrologic impacts of implementing greywater recycling and rainwater harvesting
technologies at catchment scale. The main following steps have been achieved:
• collection of the data available about the Carrickmines catchment,
• adaptation and extension of the provided Carrickmines model by HR
Wallingford (design of sewer network, urban development and urban drainage
present in new developments),
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• calibration and validation of the model designed using the data available,
• analysis of the scenarios using a comparison approach designed,
• sensitivity analysis of the model has been carried out.
The following research questions will be answered:
RQ1) How does the scale up and configuration of greywater recycling systems
influence flooding within the sewer network?
RQ2) How does the scale up and configuration of rainwater harvesting systems
influence flooding within the sewer network?
RQ3) How does the scale up and configuration of greywater recycling systems
influence river flows and flooding?
RQ4) How does the scale up and configuration of rainwater harvesting systems
influence river flows and flooding?
RQ5) To what extent does the scale up and configuration of greywater recycling and
rainwater harvesting systems reduce and support the stress on drinking water supply
to a growing population?
RQ6) How are the responses to RQ1-5 influenced by climate change?
RQ7) What combination of technologies and configurations provide robust
performance over different climate scenarios?
8.2 Summary of scenarios
For each simulations run, the following parameters have been assessed: i) total
wastewater volume produced, ii) total wastewater flood, volume, depth and location,
iii) total river flow, iv) river flow at the two river gauges, v) river flood volume, depth
and location, and vi) volume of water re-used. The obtained results have been
processed to produce: i) hydrographs, ii) radar charts, iii) flood maps. Table 8.1
resumes the outputs produced for each set of rainfall events tested and cross
referenced the tables and figures produced per scenarios and set of rainfall events.
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8.3 The influence of the technologies on the hydraulic
network
This Section will discuss the influence of the technologies on the hydraulic network.
Results obtained will be compared to and discussed against the background of the
existing literature, introduced in Chapters 1 and 2 of this thesis.
8.3.1 Greywater recycling systems
A constant decrease of total wastewater volume present in the sewer network for both
greywater recycling under all simulated climatic conditions has been observed.
Moreover, decreases in sewer flood frequencies were observed. Results show that the
wastewater flow volume was reduced for all the scenarios simulated. A maximum of
24% and 15% reduction were observed for 2010 and 2050 developments when
greywater recycling systems were implemented (Section 4.1.1). Similar results were
obtained by Rueedi et al. (2005) who report a decrease of 14% in sewage volumes
when greywater system was implemented to flush the toilet. Previous research even
shows a possible reduction of up to 30% in sewer flow volume (Diaper et al., 2001).
These differences can be explained by the fact that in the study reported here,
greywater technologies were only applied to a maximum of 80% of the new
habitations. Moreover, houses already present in the 2002 development are still
producing 150l wastewater per person per day. Therefore, a smaller reduction in
wastewater volumes has been found by the modelling carried out within the
Carrickmines catchment compared to the results found by Diaper et al. (2001) and
Rueedi et al. (2005).
One of the aims of implementing greywater recycling was to assess their impacts at
different scales and configuration. The representation of different size technology
within the sewer network has not been achieved by the modelling activities. Within
InfoWorksTM CS, water supply is not represented within the hydraulic network, only
wastewater production. As a result, the representation of greywater at different scales
was not possible. Therefore the influence of greywater recycling systems on the
hydraulic network has not been assessed. However, three greywater configuration
scenarios were tested for the two urban development scenarios. The results identified
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a proportional reduction of wastewater produce when the number of greywater
recycling technologies increases within the Carrickmines catchment. The results
obtained highlight the importance of the implementation of many technologies in
order to reduce issues caused by centralised wastewater management. Nevertheless,
since the uptake of greywater recycling technologies is currently still limited, their
influences on total wastewater production and flood sewer have not been observed
and reported yet, which makes it difficult assess and discuss the relevance and validity
of the results obtained.
Moreover, the greywater scenarios assumed that water consumption patterns were
similar in all types of accommodation and that none of the greywater systems
implemented encountered any technical problems. These assumptions were made to
avoid extra complexity in the design of the network within the software. However,
water consumption varies according to personal habits and technical problems
commonly occur in greywater recycling systems (Fittschen and Niemczynowick,
1997). Therefore, results obtained are likely to have overestimated the total
wastewater reduction.
Findings further suggest that the implementation of greywater recycling systems
contributes to a reduction of sewer floods. The intensity of flood volume decreases by
up to 27% for the 2010 development and 65% for the 2050 development (Section
4.1.4, Figures 4.5 and 4.6). The frequency of flooding, however, remains the same.
Damage caused by sewer floods in the Carrickmines catchment will therefore be
eased but will still occur even if most of the blocks are connected to greywater
recycling technologies. An analysis of the flood locations indicated that they
predominantly occurred at junction nodes. Therefore, technical optimisation of these
specific pipes will be needed during the design of the sewer network. Moreover, the
modelling activities carried out also identified the limitation of the software to model
flooding under extreme rainfall events. This is a possible source of errors in the
results. Therefore, it is very difficult to draw any confident conclusion regarding the
extent to which greywater recycling systems reduce sewer floods. Moreover, no other
empirical studies addressing the influence of greywater recycling systems on sewer
floods could be found in the existing literature. Therefore results obtained could not
be compared.
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RQ1-How does the scale up and configuration of greywater recycling systems
influence flooding within the sewer network?
The modelling activities carried out to assess whether greywater recycling systems
influence flooding within the sewer network suggest they contribute to a reduction of
sewer floods. Nevertheless, results show the capacity of greywater technologies of
reducing sewer flooding problems is limited under heavy rainfall conditions. Whilst
findings suggest that the volume of wastewater flooding can be reduced by up to 65%
under extreme rainfall events, floods still occur with the same frequency. However,
the modelling activities did not succeed in identifying the impact of greywater
recycling systems when they are implemented at different size scales. Therefore,
further investigations need to be undertaken to assess the efficiency of greywater to
control flooding within sewer network. Different researches will have to be carried
out in order to assess the impact of sizing greywater as so far no clear results are
available.
In summary, the implementation of greywater recycling systems contributes to a
useful reduction of wastewater flow volume which will in turn result in a reduction of
sewer flood intensity; they will not, however, totally eliminate the occurrence of
floods. As a result of flood intensity reduction, the implementation of greywater
recycling system will generally reduce the economical and material damage caused by
floods.
8.3.2 Rainwater harvesting systems
The results obtained show that rainwater harvesting systems on catchment hydraulics
contribute considerably to a reduction of wastewater volumes. The study estimated
that a wastewater reduction of 7% under frequent events of 12% under extreme events
for the 2050 development (Section 5.1.2). These results suggest that the extent to
which wastewater volumes are reduced depends on the severity of the rainfall events
in this scenario. The results obtained for the 2010 development scenario are a
reduction of 10% (for a five year return period event) and of 18% respectively (for a
100 year return period event). The finding highlights the fact that the reductions in
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wastewater volume are dependent on the rainfall event intensity and duration. In other
words, the more it rains the more reduction is likely to occur. Comparable studies
investigating the interrelationship between wastewater volume and reduction caused
by rainwater harvesting systems could not be identified in the literature.
The size scaling of the rainwater harvesting system has not been possible within the
sewer network, for the same reason explained in Section 8.3.1. Nevertheless, to
achieve the aim of the study, rainwater harvesting systems have been implemented to
three different extents for the two urban development stages used for the study: 2010
and 2050. The study showed a proportional reduction of wastewater flow volume
depending on the number of technologies present and the rainfall event frequency and
duration. Findings show that the more technologies present within the catchment, the
greater reduction of rainfall intrusion into the sewer network.
To conclude, the maximum wastewater volume reduction observed has been
quantified to be 26% for a 100 year return period event of 240min (Section 5.1 Table
5.1). The volume is substantial considering the fact that the sewer network modelled
has the following characteristic: it is a non-combined network (ie. 5% of the total roof
area connected to the sewer network). In other words, implementing rainwater
harvesting model in areas where combined sewer systems are present will result in a
higher reduction of wastewater volume.
Further analyses showed that when up to 80% of the habitations are connected to
rainwater harvesting technologies, sewer volumes are reduced by 100% in both urban
development scenarios. In other words, no sewer flood occurred under any of the
tested rainfall events. These results imply that the reduction observed is enough to
stop sewer floods during any rainfall event. This depends, however, on the number of
rainwater harvesting technologies implemented throughout the catchment. The study
also illustrates the location of floods depends on the position of rainwater harvesting
technologies within the studied catchment. The junction nodes (where pipes are
connected to each other) within the sewer network are sensitive nodes where floods
occur frequently and floods volume exceeding 25m3. The analysis also shows that the
locations of floods are linked to the geographical position of the harvesting
technologies. The agglomeration of harvesting technologies in a specific area will
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reduce the surcharge and stress caused by rainwater intrusion and therefore limit or
control floods within this specific area. Moreover, the maximum flood intensity
observed for the four scenarios tested identified an important difference between the
scenario, the maximum value is 205m3 and the lower 113m3 (Section 5.1.4.1).
Therefore, it can be concluded that the geographical position of rainwater harvesting
systems is likely to influence the flood intensity of certain nodes. As a result flood
severities occurring within the Carrickmines catchment are linked to both the location
and the number of technologies present. Harvesting water is a very successful strategy
to control sewer floods in non-combined sewer system.
RQ2-How does the scale up and configuration of rainwater harvesting systems
influence flooding within the sewer network?
Results presented in the above section quantified and analysed the influence of
implementing rainwater harvesting systems within the Carrickmines catchment. The
study shows a complete control of sewer flooding in non-combined sewer system
when 80% of the houses present are harvesting rainfall for any rainfall events.
Moreover, a net reduction of flood intensity has been observed, 91% under frequent
events and 40% under extreme events (Section 5.1.4). Therefore, harvesting rainwater
is a very effective technology to control and reduce sewer flooding issues. However,
to observe a complete reduction of sewer flooding, most of the habitations have to be
connected to a harvesting system. To conclude, there is no doubt about the importance
of implementing rainwater harvesting systems in order to control sewer floods.
8.3.3 Combined scenarios
Four scenarios have been designed for the purpose of the study combining greywater
recycling and rainwater harvesting systems. For the purposes of the study, both
wastewater flow volume and flood have been quantified to estimate the impact of
scaling up and different configurations of the both technologies on the hydraulic
network. The results show that the combination of greywater and rainwater harvesting
systems contributes to a significant reduction of wastewater volume. The following
results have been obtained, under scenario 2 (80% rainwater and 80% greywater), a
maximum reduction of 26% can be achieved under extreme events for development
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2050 under extreme rainfall event (See Section 6.1.3 in Figure 6.3). Concerning the
three other scenarios, 5% reduction was obtained for Scenario 1 (20% rainwater and
20% greywater), 19% for Scenario 3 (20% rainwater and 80% greywater) and 11%
reduction for Scenario 4 (80% rainwater and 20% greywater). The four scenarios have
a different influence on the volume of wastewater produce within the Carrickmines
catchment. The current literature only reports studies focusing on combining
greywater and rainwater to assess the potable water saved when technologies are
implemented and not the volume of wastewater reduction. Therefore it is difficult to
assess the relevance and validity of the volume quantified by the modelling activities.
The reduction of wastewater involves a reduction of total flood volume. Sewer flood
volumes are reduced by 100% for Scenarios 2 and 4 (both scenarios have 80% of
rainwater harvesting systems implemented) for all the tested rainfall events. However,
for Scenarios 1 and 3, sewer floods are still present in the case of frequent rainfall
event (five year return) but the total sewer volume has been decreased by up to 91%.
Floods exceeding 25m3 are still occurring at the junction nodes. The flood mapping
carried out with the four set of data, show that the implemented technologies fail to
successful to control floods in Scenarios 1 and 3. Even though, Scenario 3 assumes
80% of the habitation to be connected to a greywater system and 20% to rainwater
harvesting technologies. Considering the number of technologies implemented the
results obtained can be considered as disappointing. To conclude, combining
technologies is a good option to enhance wastewater management, however the most
appropriate combination will need to be designed according to the hydraulic
characteristic of each catchment. For the Carrickmines catchment, Scenario 4 (80%
rainwater and 20% greywater) presents the most suitable technology combination and
implementation scale to control sewer flood as it is able to avoid floods for all the
tested rainfall events. It should also be noted that in terms of investment, the payback
period will be comparatively shorter as it contains fewer technologies than Scenario 2
(80% rainwater and 80% greywater).
It should be noted, though, that socio-economic factors and public attitudes were not
taken into account in the design of the scenario. For example, such technologies are
fairly expensive (Jefferson et al., 1999), and their payback period is extremely long
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(Nolde, 2005, Ghisi and Mengotti de Oliveira, 2007). Therefore, implementing both
technologies at such a scale might not be feasible due to the financial implications.
8.3.4 Summary of the sewer network modelling
The sensitivity analysis introduced in Chapter 7 describes the design of the sewer
network and outlines the assumptions made about the pervious area of the new urban
area. The results identified extreme variations within the flow in the pipe. Within the
two pipes selected, the second pipe shows a complete change of the hydraulic flow for
the three rainfall events and for the three parameters tested. Floods are occurring more
often and negative values of ENS are observed. As mentioned earlier, the coefficient
value should be above zero to indicate minimally acceptable performance. However,
the results can be explained by the fact that the sewer network has been designed for
the selected parameters (70% impervious area, 40% roof area and 5% roof area
contributing to the sewer network). In other words, with different parameters selected
to design the sewer network, different sewerage data would have been produced by
the modelling activities. More optimistic results would have been obtained with
smaller roof contributions and bigger pipes diameters and visa-versa.
Finally, concerning the effect of scaling the technologies, the approach designed and
selected to represent the re-use systems did not allow to represent the different scaled-
up systems. As a result, the study cannot draw any conclusions about the impact of the
technologies on the Carrickmines catchment hydraulic system.
8.4 The influence of the technologies on the
hydrological network
The modelling activities also focused on quantifying the river flow, flood volumes, as
well as the volume of drinking water saved. The results suggest that the total river
flood volume is highly influenced by urban development and rainfall events. Indeed,
under the 2002 urban development scenario, river flooding sets in with 50 year return
period events, whereas for the 2010 and 2050 urban development scenarios, floods are
observed from the one year return period events.
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8.4.1 Greywater recycling systems
The implementation of greywater recycling systems within the sewer network has no
influence on the catchment surface runoff and therefore will not influence the river
flow and drainage system applied. However, the modelling activities did not identify
any change in the river flow and flooding when greywater recycling systems are
implemented. Nevertheless, the analysis shows a net increase of the peak flow due to
the intense urbanisation that took place within the catchment, namely 40% increase
under frequent events and 67% under extreme events. In other words, the urban
development will alter considerably the catchment surface hydrology, and the river
flow patterns will be very different from the Greenfield observation (2002 catchment)
hydrology currently present.
However, the implementation of greywater recycling technologies at catchment scale
influences the water cycle by reducing the volume of drinking water and wastewater
produced by approximately 30% of the total domestic water use (Birks et al., 2004).
As a result, the hydrological catchment will be affected indirectly due to reduction of
abstraction and discharge water from Wastewater treatment work. Those two
hydrological parameters will also influence phenomenon such groundwater recharge
for example (See Section 2.1 Figure 2.1). In the aim of assessing the influence of
greywater recycling schemes at catchment scale, abstraction and discharge locations
have to be implemented with the InfoWorks CS model studied.
RQ3-How does the scale up and configuration of greywater recycling systems
influence river flows and flooding?
Greywater systems applied at any scale and under any configuration will support
urban surface management as the implemented technology focuses on recycling
household wastewater only. The modelling activities carried out identified the limited
capacity of greywater recycling systems to control runoff. It can then be conclude that
greywater recycling at any scale and configuration will not enhance urban drainage at
a catchment scale, therefore the technology should be considered as a suitable solution
to control river flows and flooding.
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8.4.2 Rainwater harvesting systems
In Chapter 5, rainfall harvesting systems scaling-up and configuration has been
analysed to identify the influence on catchment runoff, river flow and flood within the
river catchment.
As part this analysis, the modelling carried out within the Carrickmines catchment
quantified a net reduction of total runoff volume; the maximum volume observed was
30% under frequent events when 80% of the new urban development assumed for
year 2050 are connected to rainwater harvesting systems. Moreover, for scenarios
1B2010, 2B2010 and 3B2010, the total runoff is forecast to decrease by 2, 4 and 11%
respectively. A previous study carried out by Kellagher and Maneiro (2005) illustrate
the potential limitations of reducing runoff through rainwater harvesting. The study
concludes that the runoff decrease they obtained for a 100mm event was 40%
compared to only 20% for a 180mm rainfall event. However, the analysis carried out
on runoff reduction within 2050 urban development with four sets of designed rainfall
events (M5-30, M5-240, M100-30 and M100-240) did not confirm the findings from
Kellagher and Maneiro (2005). Indeed, the analysis identifies very similar reduction
of urban runoff for the four tested rainfall events. The runoff volume computed and
used in order to assess the results, considered all the sub-catchments of the model, in
other words the runoff volume of the total catchment. The Carrickmines catchment
area is 32km2 (3,200ha) whereas the catchment used by Kellagher and Maneiro was
0.4ha (0.2ha roof surface area and 0.2ha road area) and thus much smaller. Therefore,
in a bigger size catchment the influence of the rainfall event on limiting the runoff
volume will be minimized.
The study further focused on the influence of scaling up and implementing a large
number of rainwater harvesting technologies within the 2010 development. The
analysis concludes that the implementation of rainwater harvesting systems at
different scales does neither enhance nor reduce the total volume of runoff within the
Carrickmines catchment. Therefore, the study carried out within the Carrickmines
catchment shows that scaling up rainwater harvesting systems is irrelevant for their
ability to control the total runoff control. Previous study carried out by Herrmann and
Schmida (1999) concluded that the control of urban drainage is better at multi storey
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building scale and in densely populated districts. Herrmann and Schmida’s findings
are based on the hypothesis that rainwater harvesting tanks in multi storey scale
building will be larger than tanks used for household harvesting schemes, as a result a
bigger amount of rainfall will be collected which will result in a greater control of
urban runoff. However, in the modelling activities carried out in this study, the tanks
were designed according to the number of people connected (e.g. 0.75m3 per habitant
connected). As a result, the designed tanks are proportional, which explains why
results differ from those reported by Herrmann and Schmida. The analysis also
identified the reduction of runoff volume according to the number of houses
connected to harvesting systems, showing that the reduction is proportional to the
number of technology.
The hydrograph analysis shows a reduction of the peak flow from 10m3/s for the 2050
basecase scenario to 9m3/s for the 1M2050 and 6m3/s for scenarios 2M2050 and
3M2050. This decrease might be attributed to the runoff volume which is reduced by
the rainwater harvesting technologies. According to the results, technology
implementation at the municipal scale seems to be less effective to reduce river flow
than an application at the neighbourhood and household scale. Further investigations
have been carried out to understand the non-linearity of the river volume reductions
by analysing the river peak flow at the two river gauges. The results show a peak flow
increase at the Carrickmines bridge river gauge for many scenarios at the three tested
scales. The increase of river peak flow under extreme event conditions might be a
result of overflowing rainwater tanks. However, the hydrograph highlights the
appearance of another peak caused by over-flooding of the municipal rainwater
harvesting system. The peak observed is delayed when compared to the initial peak
observed for the 2050 basecase scenario but more intense for 3M2040 where a peak
flow of 14m3/s is indicated. Therefore, multi-scale technologies (municipal) have a
bigger impact on the peak flow than smaller scale systems (household and municipal
scales). Therefore, concerning the peak flow of the river, the tank overflow and thus
the scale of the technology might influence the river peak flow.
The cumulative effect of harvesting rainwater may have an impact on downstream
water availability within a river basin scale (Ngigi, 2003). The expected shifts in
water flows in the water balance would affect both nature and economic sectors
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depending on direct water withdrawals (Rockstrom et al., 2001). In the Carrickmines
catchment, the downstream impact is limited as the catchment is located by the sea.
However, river low flow could explain the sizable runoff reduction observed in this
study. The modelling activities carried out show a reduction of the river volume and
peak flow. However, assessing the low flow due to the rainwater harvesting has been
impossible due to the lack of river baseflow data available to carry out long term
simulations.
Within 2010 urban development scenario, during frequent storm events (M5-30), a
maximum reduction of 90% of the river flood volume was observed if the
contributing area is decreased by 15% under neighbourhood and municipal scales. In
contrast, if technologies are implemented at the household scale, the river flood
volume only reduces by a maximum of 60%. The three sets of data show that larger
the scale the bigger the reduction of river floods. Indeed municipal scale shows better
results than neighbourhood and households scales. For the 2050 development, the
analysis shows that rainwater harvesting systems reduce the river flood volume by up
to 40%. However under extreme events, we observe a significantly higher reduction
in flood volumes for scenario 3M2050 than in the other scenarios, suggesting that the
implemented rainwater harvesting scheme is more likely to mitigate river floods.
Finally, the influence of combining rainwater harvesting and greywater was assessed.
However, only the implementation of rainwater harvesting causes variation within the
surface hydrology. Therefore, the scenarios 1 and 3 refer to 1M2050 and the scenarios
2 and 4 refer to 3M2050.
RQ4-How does the scale up and configuration of rainwater harvesting systems
influence river flows and flooding?
Results obtained for the rainwater harvesting modelling identified the benefit of
implementing the technology to support surface water management. A decrease of
runoff volume across the entire catchment has been identified. The modelling
activities show that the scale of the rainwater harvesting systems does not affect the
percentage of runoff reduction. Concerning the ability of rainwater harvesting systems
to influence river volume and peak flow, this seems to be influenced by the scale at
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which the technologies are implemented. Indeed, municipal scale technologies
involve a river peak flow increase (when compared to the basecase peak flow
obtained) under extreme conditions due to a considerable overflow of the harvesting
tanks. However, findings indicate that under frequent events the implementation of
rainwater harvesting at any scale and number is a useful technique to control river
flow and floods.
8.5 The ability of the technologies to reduce drinking
water demand
Saving is an important purpose of implementing recycling technologies. This next
Section will discuss the extent to which a reduction of drinking water demand could
be achieved by implementing the two technologies in the Carrickmines catchment.
Erreur ! Source du renvoi introuvable.2 summarises the results obtained in this
modelling study.
Table 8.2. Summary of the volume of drinking water saved under present and future conditions
2050 present conditions 2050 future conditions
Volume of
drinking water
saved per year
Average
reduction in
water supply
Volume of drinking
water saved per
year
Average
reduction in water
supply
Greywater 3M2050 1,371Ml 19% 1,371Ml 19%
Rainwater 3M2050 979Ml 14% 815Ml 13%
Scenario 1 585Ml 9% 553Ml 8%
Scenario 2 2,350Ml 36% 2,222Ml 34%
Scenario 3 1,616Ml 25% 1,584Ml 24%
Scenario 4 1,319Ml 20% 1,191Ml 18%
Under present and future conditions drinking water usage was reduced by 19% when
80% of the new habitation of the 2050 development were connected to greywater
recycling schemes. The volume of drinking water saved is independent of the
frequency or intensity of rainfall events. Concerning rainwater harvesting, a
maximum reduction of 14% and 13% of the respective total drinking water used for
the 2050 development can be achieved when up to 80% of the houses are connected to
a harvesting systems in each development under frequent and future events. Therefore
the volume of drinking water saved is i) less than the reduction caused by greywater
recycling for the similar configuration and ii) reduction observed is less under future
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rainfall events. Regarding the four combined scenarios tested, Scenario 1 (20%
rainwater, 20% greywater) involves a maximum reduction of 9% in drinking water
used, the smallest reduction observed of the four scenarios. In comparison, the biggest
reduction is observed in Scenario 2, namely a reduction of 36% under present
conditions and 34% for future conditions. The combination of 20% rainwater
harvesting and 80% greywater recycling results in a reduction of drinking water
demand by 25% and 24% respectively for the following respective rainfall events:
present and future conditions. Results for Scenario 4 (80% rainwater, 20% greywater)
and Scenario 3M2050 (80% greywater) are quite similar. Therefore it can be
concluded that combining many rainwater harvesting technologies with some
greywater recycling schemes does not effect a significantly higher reduction in
drinking water demand than when many greywater technologies are implemented.
Moreover, a difference between present and future events has also been observed for
the four combined scenarios. A maximum 2% difference was observed for Scenarios
2, 3 and 4. The modelling activities highlight the efficiency of both recycling and
reusing technologies to reduce the volume of water supply required. However, the
study identified some technology combinations to be more suitable to control the
volume of drinking water needed.
Many studies focus on the influence of recycling and reusing technologies on drinking
water demands. Reports of the performance of greywater recycling prototypes at
house and hotel scale suggest that water saving can vary between 14 to 36 % (Birks et
al., 2004 and Mars, 2004, Ghisi and Mengotti de Oliveira, 2007, Mitchell and Diaper,
2005).
Concerning the reduction caused by rainwater harvesting implementation, published
research widely confirms that that rainwater harvesting is an efficient strategy to save
drinking water. For example, Villareal and Dixon’s (2005) prediction for a large scale
rainwater project to be built in Sweden is rather optimistic: the water demand was
forecast to be reduced by almost 40% when low flush toilets were combined with
rainwater harvesting system. Other studies have shown a reduction of 30 to 50%
potable water usage in Australia (Jeppesen, 1996) and in the driest regions of the UK,
where rainwater is collected from a roof area of 20m2/ person, the daily water demand
could reduce by 25l/c/d, which equals a reduction of 17% of the total drinking water
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(Kellagher and Maneiro 2005). The results obtained by the modelling activities
carried out within the Carrickmines catchment suggest the reduction of drinking water
is likely to be comparatively smaller. The difference of results can be explained by
different rainwater harvesting scenarios used within the modelling activities. For
example, the toilets flush volume assumed for the designed scenarios used ‘normal’
flushing volume (50l per day per person so an average of 10l per flush) rather than
low flush toilets. However, habitation equipped with low flush toilets are likely to be
also equipped with high water saving technologies such as water saver showers (see
Section 1.2) therefore their water consumption will be less than 150l per day and per
person. As a result, different approaches toward domestic water use will involve a
difference in rainwater influence.
Combining rainwater and greywater technologies to reduce drinking water have been
modelled by a number of authors, such as Ghisi and Mengotti de Oliveira; 2007;
Fewkes, 1982. As illustrated before, the volume of reduction varies between studies:
Ghisi and Mengotti de Oliveira (2007) report reductions between 34 and 36% of
potable water. However, Dixon et al.’ (1999) study focuses on the collection of
rainwater in addition to greywater in a single store reuse system, which, as their
findings suggest, show to offer little improvement in water saving efficiency. A
previous study carried out by Fewkes (1982) suggests modest improvements in water
saving efficiency (greywater only bath and washing machine). The variations between
the findings of the studies can be partly explained by the average household water
consumption the authors most likely assumed. Fewkes published their study in 1982
and by 1999, the year when the second study was published; household water
consumption had increased considerably. Secondly, greywater recycling systems
available nowadays are able to recycle a bigger volume of household water than 25 or
even ten years ago. Therefore, the volume of rainfall collected by the combined
systems is minimal compared to the greywater recycled, which could explain the
observation made by Dixon et al.. The result obtained under Scenario 3 confirms the
result found by Dixon et al.; for this specific scenario, the combination of rainwater
harvesting with greywater recycling technologies does not increase the total volume
of drinking water saving.
Chapter8 Discussion and conclusions
Nathalie Bertrand Cranfield University PhD Thesis 2008
207
The volume of water saved when rainwater harvesting systems are implemented is
directly related to the size of the harvesting tank available to collect the water.
However, the size of the rainwater harvesting tanks represented under neighbourhood
and municipal conditions are rather big: 960m3 for neighbourhood scale and 49,920
m
3 (for municipal scale). A tank volume equating to 0.75m3 per person was selected
from the literature (Kellagher and Maneiro, 2005). Therefore the size of the tank was
scaled up according to the number of people connected to it.
RQ5-To what extent does the scale up and configuration of greywater recycling
and rainwater harvesting systems reduce the stress on drinking water supply to a
growing population?
Results obtained for both technologies show their effectiveness in supporting the
conservation of drinking water. Findings further illustrate under which conditions the
different technologies are most appropriate. Greywater recycling systems can achieve
consistent water savings as the production of greywater is not linked to rainfall event
patterns, whereas the amount of drinking water saved when rainwater harvesting is
implemented is dependent on the rainfall patterns. Therefore, during wet periods
harvested water will be available whereas over drought periods, re-used water can
make an important contribution to enhancing water availability.
The volume of water available for consumption is directly linked to the size of the
recycling or re-using system, therefore scaling-up and increasing the number of
technologies will insure a bigger reduction in freshwater usage.
8.6 Climate change
In the future, due to the expected effects of climate change, water stress and flood
problems may increase. A 50% reduction in rainfall events and an increase of between
1 to 6° C has been forecast by UKCIP by the summer of 2100 (Hulme et al., 2002).
Therefore to assess how climate change might influence the results previously
reviewed in questions 1 to 5, climate change scenarios have been designed and run
within InfoWorksTM CS. The analysis assessed the impact of climate change on i)
sewer flow volume, ii) river peak flow and iii) drinking water saved.
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For greywater recycling, the sewer flow volume analysis carried out for present and
future rainfall conditions identified a maximum difference of 20% and an average
increase of the total sewer volume of 4.5%. Similar results were observed for
rainwater harvesting systems: under Scenario 3M2050 the total sewer volume
increases from 20,000m3 to up to 22,000 m3 equalling a 10% increase due to a change
in rainfall intensity. In the literature, Seladeni-Davies et al. (2008) estimate that the
impact of climate change and urbanisation on a combined sewer system could results
in a 318% increase in total overflow volume and 450% in sewer volume. The sewer
modelled in this study is non-combined which explains the comparatively lower
increase of sewer volume for the Carrickmines catchment.
For greywater recycling, peak flow increases considerably under the predicted climate
change scenarios For example, under present conditions the peak flow exceeds
6.9m3/s for 40% of the time but 67% of the time under future conditions, i.e. larger
urban development and more rainfall events, in 2050. Therefore, under climate
change more severe river floods can be expected.
Concerning rainwater harvesting, the peak flow is reduced under both present and
future rainfall conditions when technologies are implemented at small scale.
However, results indicate that when rainwater harvesting technologies are
implemented at municipal scale the peak flow intensity for the 1M2050 Scenario, the
2M2050 Scenario and the 3M2050 Scenario exceeds the basecase peak flow for urban
development 2050, under future conditions. In other words, the implementation of
rainwater harvesting systems at municipal scale combined with the predicted climate
change impacts influences and causes river flooding. Therefore, the efficiency of large
scale technologies to reduce river flood can be questioned. However, the modelling
data obtained shows that the larger the implementation scale the bigger the river flood
reductions which can be achieved; indeed municipal scale shows better results than
neighbourhood and households scales. For the 2050 development, a 40% reduction of
the river flood volume can be obtained under extreme rainfall events (Section 5.2.2).
The variation of drinking water savings achievable by implementing the assessed
technologies has been introduced in Section 8.5. It was shown that the performance of
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greywater recycling systems is not linked to rainfall patterns. Therefore, the volume
of drinking water is constant and will not be influenced by climate change. When
rainwater harvesting was implemented, the modelling activities carried out to assess
the drinking water saved compared the total volume of water saved over a 10 years
tested (five years present and five year future) and estimated the percentage of the
time when rainwater harvesting was available for toilet flushing. The study illustrated
that under present conditions, the total volume of drinking saved was higher than
under future conditions. For example, 974Ml of drinking water were saved under
present conditions compared to only 851Ml under future conditions (in both cases
80% of the habitation are connected to harvesting technology within 2050 urban
development), the difference equals 1% of the total drinking water saved. Therefore,
the reduction is directly linked to the quantity and frequency of rainfall in the
catchment. However, the study also showed that the amount of water collected and re-
used per year does not vary too much across the 10 year period. Concerning the
percentage of time the toilet flushing was using rainwater, results vary considerably
over the 10 years studied. The analysis indicates that the percentage pumping time is
varying considerably along the seasons. In general, during summer time the worst
results are obtained except from the year 1981. And the autumn/winter period is the
time of the year where rainwater is the most available. These findings illustrate that
rainwater availability significantly varies from one season to another. In the best case,
rainwater is available 95% of the time during winter time under present condition and
in the worst case only 35% of the time this time during summer time under present
conditions. Other results show that during the summertime of year 1 under present
conditions (in 1981) and year 2 under future conditions (2076) rainwater was
available for re-use less than 40% of the time. In contrast the same period in year 2
under present condition was rather wet and therefore rainwater was available for re-
use 78% of the time. Therefore, whilst rainwater harvesting is a good technique to
control drinking water demand, its efficiency is highly dependent on rainfall
frequency and intensity. Therefore, the impact of climate change will largely depend
on the rainfall patterns.
Finally, the comparison of the two sets of rainfall events simulated highlight the fact
that the designed rainfall events are more intense than the four sets of top 100 events.
The results highlight the influence of rainfall on the volume present in the sewer
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network. When results obtained for the top 100 events under frequent and extreme
conditions (both under present conditions) were compared, a maximum increase of
34% of total wastewater volume was observed between frequent and extreme events;
however the observed average increase was only 6.6%. Similar analysis was carried
out between present and future rainfall condition and a maximum difference of 20%
was calculated; the average difference observed was 4.5%.
RQ6-How are the responses to RQ1-5 influence of climate change?
The modelling outputs illustrate the potential influence of climate change on the
results obtained for question 1 to 5. The change in rainfall patterns is most likely to
influence the volume of sewer reduction, the river flow and drinking water saved in
most cases. Only the volume of drinking water saved when greywater recycling
systems are implemented is not influenced by climate change.
The biggest impacts observed of climate change are i) the reduction of drinking water
saved in general and ii) the increase of peak flow volume when rainwater harvesting
technologies have been implemented at neighbourhood and municipal scales.
RQ7-What combination of technologies and configurations provide robust
performance over different climate scenarios?
The results identified that the combination of rainwater harvesting with greywater
recycling technologies does not increase the total drinking water saving. Moreover,
the climate change scenarios tested forecast a reduction in drinking water saving
(approximately 2% of the total drinking water volume). Therefore, the modelling
activity carried out highlighted a poor performance of the combination of technologies
under future climatic conditions.
Concerning, river peak flow control, no benefits have been identify within the
combination of the two technologies as greywater recycling technique does not affect
urban drainage. Moreover, similar observation can be assessed for sewer flooding
control. The tested configurations did not identify benefits of combining the
technologies to control sewer flooding under any rainfall events.
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We can then conclude that combining rainwater harvesting and greywater recycling
under different configurations in order to enhance urban water management has not
show much benefit under climate change conditions.
8.7 Greywater recycling and rainwater harvesting as
elements of integrated water management
strategies
This section will review the prospect of implementing new technologies found in the
study in order support integrated water management both within the Carrickmines
catchment and in general. Erreur ! Source du renvoi introuvable.1 summarises the
modelling findings and suggests technology approaches to support issues faced in
urban areas.
In order to discuss and asses the best scenario to support integrated water management
within the Carrickmines catchment, the results obtained for the 2050 basecase
scenario, as well as the four scenarios (which combine greywater and rainwater) with
the 3M2050 for greywater and rainwater technologies (scenarios which represent 80%
of houses connected within 2050 development) have been compared. Figure 8.1 and
Figure 8.2 present the findings. The results identified the benefits of implementing
technologies to reduce peak flow, runoff volume, sewer volume as well as the
increase of re-used volume. Under both present and future conditions, the biggest
index variation observed between the tested scenarios is the volume of water re-used.
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Figure 8.1. Combination of the comparison hydraulic and hydrological performance obtained for
the combine scenarios, greywater recycling and rainwater harvesting technologies under present
conditions.
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Figure 8.2. Combination of the comparison hydraulic and hydrological performance obtained for
the combine scenarios, greywater recycling and rainwater harvesting technologies under future
conditions.
Chapter8 Discussion and conclusions
Nathalie Bertrand Cranfield University PhD Thesis 2008
213
Moreover, Figure 8.1 and Figure 8.2 also show reduction of the index for sewer
volume and peak flow for some scenarios. The results highlight that the sewer flow
volume is controlled by the implementation of technologies. The comparison analysis
also highlighted that under frequent events, greywater recycling technologies
contribute to a bigger reduction in sewer volume than rainwater harvesting system for
the respective scenarios. However, under extreme events, the reduction of greywater
recycling is decreasing due to rainfall intrusion and the index of sewer volume
obtained is equal to the rainwater harvesting index. To conclude, the installation of re-
using and recycling technologies within the Carrickmines catchment will support the
demands of a growing population and the increase in volume of drinking water.
Concerning the use of the technologies to save drinking water, greywater recycling
technology implementation has shown to decrease drinking water by up to 20%.
Moreover, the amount of water re-used is independent of the rainfall events. Thus,
drinking water saving is potentially constant all year long. However rainwater
harvesting results show that the volume of water saved is directly linked to the rainfall
pattern and below that achieved through greywater recycling systems. Moreover, the
results indicate that the amount of water saved per year does not vary significantly
from one year to another for the five years tested within the model. However, under
future rainfall conditions, the volume of rainwater available for re-use was
significantly smaller than the volume available under current conditions. Therefore
tank size may have to be upgraded in order to increase the volume of water for re-use.
Finally, as expected, combining both technologies will increase the amount of
drinking water saved. Scenario 2 and 4 will involve the highest reductions. However,
Ireland and the Carrickmines catchment are not facing any water scarcity issue; the
average rainfall event is 726.9mm. Therefore, drinking water control may not be the
main purpose for re-using and recycling water. As a result, Scenario 4 (which
combined 80% of greywater recycling schemes with 20% rainwater harvesting) might
not be the most appropriate for the Carrickmines catchment.
Floods within the sewer network have been assessed as a recurrent issue within the
Carrickmines catchment. The implementation of greywater recycling technologies at
catchment scale shows that flood volumes (flood intensity) can be significantly
reduced. However, the frequency of floods and nodes surcharges has shown to
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decrease only slightly. Therefore, although floods will still be experienced, the
implementation of greywater technologies might help to reduce the severity of floods
and the damages they cause. Concerning the implementation of rainwater harvesting
in the Carrickmines catchment, the implementation of a large number of technologies
shows a 100% sewer volume reduction. As a result, rainwater harvesting technologies
are comparatively more effective to control sewer floods. Floods, however, still occur
even when rainwater harvesting systems and greywater recycling technologies are
combined and implemented at large scale. For example, in Scenario 3 (with 80% of
households connected to greywater and 20% to rainwater systems), sewer floods are
only marginally reduced and floods still occur all over the catchment. Against this
background, we can conclude that rainwater harvesting systems are comparatively
more effective than greywater recycling techniques to reduce flood frequency and
intensity. Therefore, in a catchment where sewer flooding is a major problem, the
installation of rainwater harvesting system is more recommended than greywater
recycles schemes in order to support and control flooding problems. Moreover, the
benefit of combining the two technologies to support sewer surcharge can be
questioned as rainwater harvesting implementation is sufficient to solve the sewer
issues.
River flood issues have been a problem within the Carrickmines catchment.
Therefore, the main purpose of implementing new technologies will be to support
surface drainage. The results have shown that the implementation of greywater water
recycling is an in-efficient technique to control urban runoff. As a result, greywater
recycling technology is not an adequate method to enhance urban water management.
Contrary to greywater recycling system, the implementation of rainwater harvesting
systems proved efficient to control runoff volume to a certain extent. The reduction of
runoff volume has shown to influence river peak flow and floods significantly.
However, when the rainfall intensity increases the efficiency of rainwater harvesting
to reduce runoff volume is decreasing. Moreover, the modelling activities highlighted
that the peak flow reduction depended on the scale of the rainwater technology.
Indeed, neighbourhood and municipal scale technologies show an increase of river
peak flow under extreme rainfall events. This increase of the river peak flow is due to
a considerable overflow from the harvesting tanks. As a result, rainwater harvesting
systems may cause river flood due to an overflow of rainwater. With regards to the
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Carrickmines catchment, the implementation of rainwater harvesting systems support
and enhance urban drainage. The efficiency of controlling urban runoff and river
flood is depending on the rainfall events. Therefore, in order to control river flood due
to heavy runoff, the urban drainage should be enhanced to avoid flood. Other
technologies and measures such as pervious car parks or Sustainable Urban Drainage
Systems (SUDS, see Section 1.2) could be implemented to support surface water
management. Finally, given that greywater recycling systems have shown only a
marginal influence on the catchment hydrology, there is no benefit of combining the
two technologies in order to control urban drainage.
To conclude, within the Carrickmines catchment, there is no doubt that rainwater
harvesting systems are the most suitable technology to support: i) urban drainage by
controlling the urban runoff and ii) stopping sewer surcharge and flooding occurrence.
A possible scheme could be the installation of rainwater harvesting systems at
household scale spread over the catchment and along the junctions’ nodes where
heavy floods have been observed (as shown in Figure 8.3). With a total of 50% of
household connected to the rainwater harvesting systems, at this extension stage only
few flood spots have been observed. Therefore, public places such as school,
shopping centre and offices will be connected to rainwater harvesting systems set up
at bigger scale. In order to avoid the problem related to the tank overflowing,
harvesting tank must drain to a retention ponds part of a SUDS system which could
form part of park (see Figure 8.3). Moreover, in order to control urban runoff and
diffuse hydrocarbons pollutants, impervious car parks could be implemented across
the catchment.
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Figure 8.3. Example of rainwater harvesting scenario to enhance sewer floods and urban
drainage within the Carrickmines catchment.
8.7.1 Policy to support IWRM
The study identified the interest and benefits of considering the use of recycling and
re-using technologies within new urban development to support the hydraulic and
hydrological systems at catchment scale in order to reach a more sustainable water
management. With the output of the comparison analysis (See Section 3.6.2 and radar
charts Figures 8.1 and 8.2) a Multi-criteria Decision Analysis (MCDA) can be
produced in order to support IWRM. Within urban area, the main policy objectives to
support the IWRM are: i) cost effectiveness, ii) environmental protection, iii) flood
prevention and iv) enhance centralised water network. The following section will
identify the importance between the modelling activities carried out and the policy
through stakeholder participation. Finally a ranking of the scenarios will be
established in response to the policy objectives listed above.
The results obtained by the modelling activities highlight the importance of
implementing policies in order to support and enhance the water management. For
example, the findings concerning the consistent sewer flooding at some locations of
the Carrickmines catchment (Section 5.1.4) show the importance role of policies and
stakeholder participation. Indeed, policies to prevent flooding are and must be
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implemented to response to climate change for example and therefore decision to
support the flooding issues must be taken. In this particular case, the role of
stakeholders is also essential to prevent flooding; implementing rainwater harvesting
technologies at the right locations will support flooding issues. Therefore science (in
this case the modelling activities) must be used to support implemented policies in
order to enhance IWRM. As a result, the modelling outputs from Figure 8.1 and
Figure 8.2 have been classified in response to the four policies listed. Table 8.3
reviews the six scenarios present in the final comparison analysis and ranked them
from 1 to 6, where 1 represent the ‘best’ option or scenario to support to the respective
policies.
Table 8.3. Ranking scenarios according to policy objectives.
Ranking
scenario
Cost Environmental
Protection
Flood
prevention
Water
treatment
1 3M2050 R Scenario 2 Scenario 2 Scenario 2
2 3B2050 G 3M2050 R 3M2050 R Scenario 3
3 Scenario 1 Scenario 1 Scenario 3 Scenario 1
4 Scenario 3 Scenario 4 Scenario 1 Scenario 4
5 Scenario 2 Scenario 3 Scenario 4 3B2050 G
6 Scenario 4 3B2050 G 3B2050 G 3M2050 R
To conclude, ranking the scenarios in response to different policy objectives able to
integrate all the tested parameters (future development scenarios in relation to urban
development, climate change and technologies) to support IWRM. Moreover, the
looking at the obtained ranking, Scenario 2 is the ‘best’ scenarios out of the six,
expect the fact that a very high payback period. The ranking also identified the poor
performance of Scenario 4 compared to its high cost. However, Scenario 3M2050 R
(when 80% of the houses are connected to a rainwater harvesting systems within
development 2050) performance to support environmental protection and flood
prevention is interesting when compared to the cost of the installation.
The last section identifies the importance of carrying out modelling activities,
analysing the findings, integrating with occurring issues in order to enhance water
management. However, further ranking and multi criteria analysis can be designed in
order to integrate and provide essential interpretation of modelling results to policy
developers in participatory process and integrated water resource management.
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Table 8.4 summarises more general findings which can also be used to support
IWRM.
Table 8.4. Summary of the technology options performance for urban water management
Technology support to enhance urban water
management

Issues Greywater Rainwater Combined Others
Water supply bbb b b
Sewer surcharge b bb bbb SUDS
Sewer flooding b bbb bb SUDS
H
yd
ra
u
lic

Wastewater treatment bb b bbb
Runoff volume control rrr bb b SUDS
Peak flow increase rrr bbb b SUDS
River flooding rrr bbb b SUDS
Drought/ Low river flow bbb bb b
H
yd
ro
lo
gi
ca
l
Freshwater abstraction bbb bb b
bbbVery good technology, bbgood technology, buseful technology,
rrr Not efficient technology
Difficulties to represent the scaling-up effects on the sewer network for both
technologies were faced during the modelling activities. Therefore it is now difficult
to analyse and conclude the impact caused by municipal scale greywater recycling at
urban catchment scale. However, there is no doubt that the energy required at
municipal scale to pump the greywater or harvested rainwater out and back will be
significantly higher than the energy used at smaller scale (household scale).
Therefore, for household purposes implementation at a smaller scale should be
considered. Moreover, smaller scale technology for household purposes might also
engender public awareness. Indeed, habitants would have to maintain their system and
therefore would be more concerned and aware of their daily water use. This may
result in a reduction of water consumption. Consequently, scaling-up technology
within public places such as schools or offices which have the necessary space to hold
bigger recycling or harvesting tanks (more space available and bigger roof area) and
therefore enhance the re-use volume for example.
The main outcome of this study is the realisation that the implementation of one of the
two greywater recycling and rainwater recycling at a large number across a catchment
is not enough to support all the hydrological and hydraulic issues faced nowadays.
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Therefore in the close future with the increasing stress caused by climate change, the
benefits of the technologies may be even more reduced. However, the combination of
greywater and rainwater harvesting investigated in this study clearly showed the
limitations of the technologies in terms of increasing drinking water saving as well as
controlling sewer floods and urban drainage. As a result, sustainable urban drainage
systems require a mix of technologies and measures such as permeable car parks,
retention ponds and swales.
To conclude, the decentralisation of the existing water system by combining
technologies could enhance the urban surface hydrology, the sewer flooding issues,
save consistent volume of drinking water and limit the effect of climate change when
the appropriate combination is implemented.
This research focused on quantifying hydraulic and hydrological data only therefore
further research needs to be carried out to support the implementation of the most
appropriate technology. The following section proposes topics for further research.
8.8 Further research
In order to improve the results of the modelling activities, appropriate data of the
respective catchment are necessary. The WFD monitoring programs will provide an
extra source of data available to design, calibrate and validate future model.
Moreover, a more sophisticated way to represent the technologies will also improve
the quality of the modelling results. For example, different tank sizes could be tested;
the representation of pumping rate could be improved in a way that makes the water
reuse profile more realistic (hourly pumping, instead of twice a day). Also, the
robustness of the technologies could be tested.
In order to investigate the influence of implementing technologies at different scales
and in different quantities, water quality issues require further attention. For example,
the concentration of heavy metals or hydrocarbons present in runoff water raises the
question whether implementing technologies could result in environmental hazards.
Water quality modelling activities should be carried out in order to i) the effects of the
dilution of wastewater due to the implementation of the technologies to determine the
Chapter8 Discussion and conclusions
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possible difficulties that may be faced at the water treatment work and ii) investigate
the concentration of pollutant in sewer system due to the reduction of wastewater
volume when greywater recycling technologies are implemented.
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Annex 1 Additional results from
greywater simulations
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Figure A1.1. Total wastewater volume production variation during various design storm from
M1 to M100 with a duration of 30min to 240min, 2010 development during winter conditions.
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Figure A1.2. Total wastewater volume production variation during various design storms from
M1 to M100 with a duration of 30min to 240min, 2050 development.
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Figure A1.3. Volume of rainwater entering the sewer network during design storm event for
scenarios 1B2010, 2B2010 and 3B2010.
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Figure A1.4. Variation of the river flow volume during many rainfall events in development 2050.
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Table A1.1. Review flood occurrence and variation in 2050 development during 100 year return
period events
Node Total floods volume (m3) % reduction sewer flood Recycling or not
basecase 20% 50% 80% 20% 50% 80% 20% 50% 80%
D1H163 312 296 280 276 5 10 12 yes yes yes
D1H103 171 145 114 113 15 33 34 yes yes yes
D1H178 156 149 138 131 4 12 16 yes yes yes
D1H191 130 125 114 101 3 12 22 yes yes yes
D1H296 109 108 106 94 1 3 14 yes yes yes
D1H245 102 101 98 85 1 4 17 yes yes yes
D1H149 99 93 91 91 6 8 9 yes yes yes
D1H294 98 97 95 87 1 3 11 yes yes yes
D1H285 92 91 89 78 1 3 15 yes yes yes
D1H295 89 88 86 78 1 3 12 yes yes yes
D1H307 78 77 75 71 1 3 9 yes yes yes
D1H232 77 75 72 62 2 6 19 yes yes yes
D1H259 76 75 73 64 1 4 16 yes yes yes
D1H273 68 67 65 57 1 3 15 yes yes yes
D1H218 63 62 58 49 2 7 21 yes yes yes
D1H133 62 59 57 57 6 8 8 yes yes yes
D1H205 53 51 46 37 3 12 30 yes yes yes
D1H272 50 49 47 38 2 5 24 yes yes yes
D1H118 38 36 35 35 6 8 8 yes yes yes
D1H148 38 28 25 25 25 33 35 yes yes yes
D1H258 33 32 30 20 3 10 39 yes yes yes
D1H244 30 29 25 12 5 17 61 yes yes yes
D1H177 29 24 15 11 18 48 63 yes yes yes
D1H15 29 27 27 27 7 9 9 yes yes yes
D1H297 29 28 26 17 4 10 42 yes yes yes
D1H315 28 28 27 26 1 3 9 yes yes yes
D1H284 28 27 25 15 3 10 45 yes yes yes
D1H323 28 27 27 25 2 4 10 yes yes yes
D1H231 26 24 21 10 6 19 59 yes yes yes
D1H132 21 17 15 15 21 28 29 yes yes yes
D1H143 19 17 16 16 13 13 13 yes yes yes
D1H43 18 18 17 17 0 7 7 No yes yes
D1H271 18 17 15 6 6 17 66 yes yes yes
D1H49 17 17 14 14 0 19 19 No yes yes
D1H44 17 17 15 15 0 12 12 No yes yes
D1H50 16 16 13 13 0 18 18 No yes yes
D1H158 15 14 14 14 7 11 11 yes yes yes
D1H46 15 15 13 13 0 14 14 No yes yes
D1H142 15 14 14 14 9 9 9 yes yes yes
D1H9 14 14 12 12 3 14 14 yes yes yes
D1H47 14 14 12 12 0 15 15 No yes yes
D1H141 13 12 12 12 10 10 10 yes yes yes
D1H48 13 13 11 11 0 18 18 No yes yes
D1H45 13 13 11 11 0 13 13 No yes yes
D1H144 13 11 11 11 12 13 13 yes yes yes
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D1H157 13 12 11 11 9 10 10 yes yes yes
D1H42 12 12 12 12 0 6 6 No yes yes
D1H159 12 11 10 10 6 15 16 yes yes yes
D1H162 12 7 3 3 44 71 77 yes yes yes
D1H156 12 10 10 10 10 10 10 yes yes yes
D1H66 11 11 9 9 0 17 17 No yes yes
D1H51 11 11 10 10 0 14 14 No yes yes
D1H112 11 10 10 10 11 11 11 yes yes yes
D1H65 11 11 9 9 0 17 17 No yes yes
D1H64 10 10 9 9 0 18 18 No yes yes
D1H67 10 10 8 8 0 16 16 No yes yes
D1H113 10 8 8 8 16 16 16 yes yes yes
D1H111 9 8 8 8 12 12 12 yes yes yes
D1H127 9 8 8 8 13 13 13 yes yes yes
D1H160 9 8 7 7 9 23 23 yes yes yes
D1H81 9 9 8 8 0 14 14 No yes yes
D1H140 9 8 8 8 11 11 11 yes yes yes
D1H155 9 8 8 8 11 11 11 yes yes yes
D1H98 9 9 8 8 1 16 16 yes yes yes
D1H62 9 9 8 8 0 12 12 No yes yes
D1H82 9 9 7 7 0 15 15 No yes yes
D1H41 9 9 8 8 0 6 6 No yes yes
D1H63 8 8 7 7 0 13 13 No yes yes
D1H331 8 8 8 7 3 8 16 yes yes yes
D1H172 8 8 7 7 0 15 15 No yes yes
D1H126 8 7 7 7 14 14 14 yes yes yes
D1H60 8 8 7 7 0 9 9 No yes yes
D1H110 8 7 7 7 12 12 12 yes yes yes
D1H171 8 8 7 7 0 14 14 No yes yes
D1H97 8 8 7 7 0 16 16 yes yes yes
D1H61 8 8 7 7 0 11 11 No yes yes
D1H80 8 8 6 6 0 16 16 No yes yes
D1H99 8 7 6 6 4 18 18 yes yes yes
D1H96 7 7 6 6 0 17 17 No yes yes
D1H128 7 6 6 6 14 14 14 yes yes yes
D1H109 7 6 6 6 12 11 11 yes yes yes
D1H161 7 5 4 3 24 46 49 yes yes yes
D1H145 6 6 6 6 10 10 10 yes yes yes
D1H114 6 5 5 5 12 12 12 yes yes yes
D1H125 6 5 5 5 14 14 14 yes yes yes
D1H253 6 6 6 5 0 0 17 No No yes
D1H79 6 6 5 5 0 18 18 No yes yes
D1H59 6 6 5 5 0 8 8 No yes yes
D1H170 6 6 5 5 0 13 13 No yes yes
D1H139 6 5 5 5 13 13 13 yes yes yes
D1H95 5 5 5 5 0 16 16 No yes yes
D1H169 5 5 4 4 0 17 17 No yes yes
D1H68 5 5 4 4 0 15 15 No yes yes
D1H173 5 5 4 4 0 15 15 No yes yes
D1H52 5 5 4 4 0 13 13 No yes yes
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D1H252 5 5 5 4 0 0 16 No No yes
D1H254 5 5 5 4 0 0 17 No No yes
D1H186 4 4 4 4 0 15 19 No yes yes
D1H108 4 4 4 4 12 12 12 yes yes yes
D1H187 4 4 4 3 0 17 20 No yes yes
D1H94 4 4 3 3 0 19 19 No yes yes
D1H124 4 3 3 3 18 18 18 yes yes yes
D1H240 4 4 4 3 0 0 17 No No yes
D1H83 4 4 3 3 0 15 15 No yes yes
D1H129 4 3 3 3 16 16 16 yes yes yes
D1H117 4 3 2 2 31 42 43 yes yes yes
D1H239 4 4 4 3 0 0 19 No No yes
D1H78 4 4 3 3 0 20 20 No yes yes
D1H251 4 4 4 3 0 0 17 No No yes
D1H100 3 3 3 3 8 17 17 yes yes yes
D1H267 3 3 3 2 0 0 25 No No yes
D1H14 3 3 3 3 18 20 20 yes yes yes
D1H154 3 3 3 3 18 18 18 yes yes yes
D1H185 3 3 3 2 0 16 23 No yes yes
D1H40 3 3 3 3 0 11 11 No yes yes
D1H268 3 3 3 2 1 3 33 yes yes yes
D1H238 3 3 3 2 0 0 21 No No yes
D1H188 3 3 2 2 0 18 21 No yes yes
D1H213 3 3 3 2 0 0 29 No No yes
D1H270 2 2 2 0 8 21 80 yes yes yes
D1H174 2 2 2 2 0 17 17 No yes yes
D1H77 2 2 2 2 0 25 25 No yes yes
D1H214 2 2 2 2 0 0 29 No No yes
D1H93 2 2 2 2 0 23 23 No yes yes
D1H336 2 2 2 2 3 8 17 yes yes yes
D1H123 2 2 2 2 22 22 22 yes yes yes
D1H107 2 2 2 2 19 19 19 yes yes yes
D1H269 2 2 2 1 3 8 46 yes yes yes
D1H227 2 2 2 1 0 0 31 No No yes
D1H266 2 2 2 1 0 0 29 No No yes
D1H200 2 2 2 1 0 0 30 No No yes
D1H184 2 2 2 2 0 17 27 No yes yes
D1H168 2 2 2 2 0 24 24 No yes yes
D1H199 2 2 2 1 0 0 36 No No yes
D1H255 2 2 2 1 4 6 24 yes yes yes
D1H226 2 2 2 1 0 0 37 No No yes
D1H58 2 2 2 2 0 13 13 No yes yes
D1H212 2 2 2 1 0 0 34 No No yes
D1H241 2 2 2 1 0 0 23 No No yes
D1H250 1 1 1 1 0 0 33 No No yes
D1H146 1 1 1 1 15 15 15 yes yes yes
D1H76 1 1 1 1 0 32 32 No yes yes
D1H265 1 1 1 1 0 0 40 No No yes
D1H115 1 1 1 1 17 17 17 yes yes yes
D1H314 1 1 1 1 9 22 50 yes yes yes
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D1H225 1 1 1 1 0 0 47 No No yes
D1H198 1 1 1 1 0 0 46 No No yes
D1H215 1 1 1 1 0 0 36 No No yes
D1H211 1 1 1 0 0 0 49 No No yes
D1H92 1 1 0 0 0 42 42 No yes yes
D1H201 1 1 1 0 0 -1 40 No No yes
D1H291 1 1 1 1 0 0 0 No No No
D1H138 1 0 0 0 46 47 47 yes yes yes
D1H228 1 1 1 0 0 0 47 No No yes
D1H237 1 1 1 0 0 0 59 No No yes
D1H69 0 0 0 0 0 29 29 No yes yes
D1H256 0 0 0 0 13 35 100 yes yes yes
D1H257 0 0 0 0 26 67 100 yes yes yes
D1H122 0 0 0 0 58 58 58 yes yes yes
D1H290 0 0 0 0 0 0 0 No No No
D1H197 0 0 0 0 0 -1 89 No No yes
D1H293 0 0 0 0 24 58 100 yes yes yes
D1H189 0 0 0 0 0 38 45 No yes yes
D1H130 0 0 0 0 43 43 43 yes yes yes
D1H106 0 0 0 0 50 50 50 yes yes yes
D1H75 0 0 0 0 0 80 80 No yes yes
D1H175 0 0 0 0 0 40 40 No yes yes
D1H84 0 0 0 0 0 43 43 No yes yes
D1H183 0 0 0 0 0 62 100 No yes yes
D1H101 0 0 0 0 26 56 56 yes yes yes
D1H153 0 0 0 0 83 85 85 yes yes yes
D1H342 0 0 0 0 9 23 38 yes yes yes
D1H322 0 0 0 0 24 55 100 yes yes yes
D1H279 0 0 0 0 0 -1 100 No No yes
D1H8 0 0 0 0 17 100 100 yes yes yes
D1H306 0 0 0 0 69 100 100 yes yes yes
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Table A1.2. Review flood occurrence and variation in 2050 development during 5year return
period events
Node Total floods volume (m3) % reduction sewer flood Recycling or not
basecase 20% 50% 80% 20% 50% 80% 20% 50% 80%
D1H163 92 81 69 68 12 25 27 yes yes yes
D1H296 49 46 42 31 5 14 36 yes yes yes
D1H178 45 40 31 28 11 31 38 yes yes yes
D1H294 43 41 37 29 6 15 33 yes yes yes
D1H285 41 39 36 26 5 14 36 yes yes yes
D1H295 39 37 34 26 5 15 35 yes yes yes
D1H245 37 35 33 22 5 13 40 yes yes yes
D1H149 36 30 25 25 18 31 31 yes yes yes
D1H259 31 30 28 20 4 12 36 yes yes yes
D1H307 31 29 26 20 7 17 35 yes yes yes
D1H273 30 29 26 19 4 13 36 yes yes yes
D1H191 21 18 12 9 13 42 59 yes yes yes
D1H232 20 18 16 8 6 19 58 yes yes yes
D1H133 19 14 11 11 27 44 44 yes yes yes
D1H218 11 10 8 4 9 28 66 yes yes yes
D1H315 10 9 8 7 8 19 36 yes yes yes
D1H323 7 7 6 5 8 21 38 yes yes yes
D1H272 7 6 4 1 15 40 84 yes yes yes
D1H118 6 4 2 2 37 69 69 yes yes yes
D1H15 4 3 2 2 22 38 38 yes yes yes
D1H49 3 3 2 2 0 41 41 no yes yes
D1H50 3 3 1 1 0 46 46 no yes yes
D1H48 2 2 1 1 0 42 42 no yes yes
D1H47 2 2 1 1 0 46 46 no yes yes
D1H46 2 2 1 1 0 45 45 no yes yes
D1H143 2 1 1 1 64 64 64 yes yes yes
D1H51 1 1 0 0 0 64 64 no yes yes
D1H45 1 1 1 1 0 49 49 no yes yes
D1H205 1 1 1 0 21 60 98 yes yes yes
D1H144 1 1 1 1 55 56 56 yes yes yes
D1H331 1 1 1 1 9 24 42 yes yes yes
D1H44 1 1 1 1 0 54 54 no yes yes
D1H159 1 1 0 0 40 67 67 yes yes yes
D1H158 1 0 0 0 61 80 80 yes yes yes
D1H66 1 1 0 0 0 100 100 no yes yes
D1H43 1 1 0 0 0 76 76 no yes yes
D1H142 1 0 0 0 94 94 94 yes yes yes
D1H67 0 0 0 0 0 100 100 no yes yes
D1H113 0 0 0 0 100 100 100 yes yes yes
D1H65 0 0 0 0 0 100 100 no yes yes
D1H160 0 0 0 0 44 83 83 yes yes yes
D1H145 0 0 0 0 97 97 97 yes yes yes
D1H336 0 0 0 0 14 36 62 yes yes yes
D1H114 0 0 0 0 100 100 100 yes yes yes
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D1H157 0 0 0 0 100 100 100 yes yes yes
D1H64 0 0 0 0 0 100 100 no yes yes
D1H258 0 0 0 0 95 100 100 yes yes yes
D1H112 0 0 0 0 100 100 100 yes yes yes
D1H52 0 0 0 0 0 100 100 no yes yes
D1H163 92 81 69 68 12 25 27 yes yes yes
D1H296 49 46 42 31 5 14 36 yes yes yes
D1H178 45 40 31 28 11 31 38 yes yes yes
D1H294 43 41 37 29 6 15 33 yes yes yes
D1H285 41 39 36 26 5 14 36 yes yes yes
D1H295 39 37 34 26 5 15 35 yes yes yes
D1H245 37 35 33 22 5 13 40 yes yes yes
D1H149 36 30 25 25 18 31 31 yes yes yes
D1H259 31 30 28 20 4 12 36 yes yes yes
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Annex 2 Additional results from
rainwater harvesting simulations
Table A2.1. Review of contributing area for the 2010 and 2050 developments for rainwater
harvesting technologies scenarios.
% area
contributing
reduction
storm area (ha) roof are (ha) storm roof
2010 scenarios R1 R2 R3 R1 R2 R3 R1 R1
2010 Basecase 541 81 2701 3.292 0 0 n/a n/a
1B2010 517 81 2701 2.652 0 0 4.38 19.44
2B2010 509 81 2701 1.776 0 0 6.03 46.05
3B2010 432 81 2701 0.959 0 0 20.23 70.87
1N2010 503 81 2703 2.664 0 0 7.13 19.08
2N2010 491 81 2703 2.135 0 0 9.35 35.15
3N2010 418 81 2703 0.889 0 0 22.78 73.00
1M2010 508 81 2703 2.896 0 0 6.07 12.03
2M2010 465 81 2703 2.293 0 0 14.14 30.35
3M2010 441 81 2703 1.911 0 0 18.55 41.95
2050 Scenarios R1 R2 R3 R1 R2 R3 R1 R1
2050 Basecase 1177 82 1898 23.741 0 0 n/a n/a
1M2050 1164 82 1898 20.128 0 0 1.17 15.22
2M2050 1063 82 1898 14.496 0 0 9.75 38.94
3M2050 980 82 1898 10.262 0 0 16.76 56.78
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Table A2.2. Review of contributing area within the 2050 random scenarios of location of
rainwater harvesting technologies.
% area
contributing
reduction
Storm area (ha) roof area (ha) storm roof
Scenario 1 R1 R2 R3 R1 R2 R3
1M2050 209 0 0 20.711 0 0 4.33 12.76
2M2050 180 0 0 16.007 0 0 17.39 32.58
Scenario 2
1M2050 203 0 0 20.433 0 0 7.23 13.93
2M2050 179 0 0 15.658 0 0 17.97 34.05
Scenario 3
1M2050 202 0 0 20.479 0 0 7.30 13.74
2M2050 177 0 0 15.75 0 0 18.75 33.66
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Figure A2.1. Review of the reduction of total wastewater volume within development 2010 when
rainwater harvesting technologies are implemented
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Figure A2.2. Review of the reduction of total wastewater volume within development 2050 when
rainwater harvesting technologies are implemented
Table A2.3. Comparison of the total runoff volume (m3) variation when rainwater harvesting
systems are implemented at household scales in development 2010.
Basecase 1B2010 2B2010 3B2010 %difference
1B2010
%difference
2B2010
%difference
3B2010
M5-30 49510 47955 47121 42192 3.14 4.82 14.78
M5-60 77791 75612 74444 67538 2.80 4.30 13.18
M5-90 97960 95363 93970 85736 2.65 4.07 12.48
M5-120 114107 111189 109623 100368 2.56 3.93 12.04
M5-240 162394 158572 156521 144402 2.35 3.62 11.08
M5-360 198510 194058 191669 177553 2.24 3.45 10.56
M5-480 229733 224760 222092 206327 2.16 3.33 10.19
M100-30 116810 113842 112250 102841 2.54 3.90 11.96
M100-60 188846 184589 182305 168810 2.25 3.46 10.61
M100-90 242003 236883 234136 217902 2.12 3.25 9.96
M100-120 284830 279057 275961 257659 2.03 3.11 9.54
M100-240 407885 400405 396393 372678 1.83 2.82 8.63
M100-360 491190 482657 478079 451023 1.74 2.67 8.18
M100-480 563630 554231 549188 519387 1.67 2.56 7.85
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Table A2.4. Comparison of the total runoff volume (m3) variation when rainwater harvesting
systems are implemented at neighbourhood scales in development 2010.
Basecase 1N2010 2N2010 3N2010
%difference
1N2010
%difference
2N2010
%difference
3N2010
M5-30 49510 47146 46569 41931 4.77 5.94 15.31
M5-60 77791 74536 73722 67190 4.18 5.23 13.63
M5-90 97960 94091 93119 85325 3.95 4.94 12.90
M5-120 114107 109762 108669 99907 3.81 4.77 12.44
M5-240 162394 156710 155279 143800 3.50 4.38 11.45
M5-360 198510 191889 190222 176851 3.34 4.18 10.91
M5-480 229733 222344 220481 205545 3.22 4.03 10.53
M100-30 116810 112262 111163 102331 3.89 4.83 12.40
M100-60 188846 182477 180887 168127 3.37 4.21 10.97
M100-90 242003 234373 232457 217090 3.15 3.94 10.29
M100-120 284830 276234 274073 256746 3.02 3.78 9.86
M100-240 407885 396763 393962 371500 2.73 3.41 8.92
M100-360 491190 478502 475307 449679 2.58 3.23 8.45
M100-480 563630 549671 546150 517912 2.48 3.10 8.11
Table A2.5. Comparison of the total runoff volume (m3) variation when rainwater harvesting
systems are implemented at municipal scales in development 2010.
Basecase 1M2010 2M2010 3M2010
%difference
1M2010
%difference
2M2010
%difference
3M2010
M5-30 49510 47033 44491 43197 5.00 10.14 12.75
M5-60 77791 74374 70793 68970 4.39 8.99 11.34
M5-90 97960 93896 89624 87449 4.15 8.51 10.73
M5-120 114107 109543 104740 102294 4.00 8.21 10.35
M5-240 162394 156423 150132 146927 3.68 7.55 9.52
M5-360 198510 191555 184227 180494 3.50 7.20 9.08
M5-480 229733 221969 213783 209614 3.38 6.94 8.76
M100-30 116810 112047 107206 104743 4.08 8.22 10.33
M100-60 188846 182160 175167 171606 3.54 7.24 9.13
M100-90 242003 233989 225567 221277 3.31 6.79 8.56
M100-120 284830 275801 266304 261467 3.17 6.50 8.20
M100-240 407885 396201 383890 377619 2.86 5.88 7.42
M100-360 491190 477861 463815 456661 2.71 5.57 7.03
M100-480 563630 548963 533487 525604 2.60 5.35 6.75
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Table A2.6. Comparison of the total runoff volume (m3) variation between the three scales when
rainwater harvestings are connected to 20% of the blocks.
Simulation 1B2010 1N2010 1M2010 std Mean %difference
M5-30 47955 47146 47033 503 47378 1.06
M5-60 75612 74536 74374 673 74841 0.90
M5-90 95363 94091 93896 796 94450 0.84
M5-120 111189 109762 109543 894 110164 0.81
M5-240 158572 156710 156423 1167 157235 0.74
M5-360 194058 191889 191555 1359 192501 0.71
M5-480 224760 222344 221969 1515 223024 0.68
M100-30 113842 112262 112047 980 112717 0.87
M100-60 184589 182477 182160 1320 183075 0.72
M100-90 236883 234373 233989 1572 235081 0.67
M100-120 279057 276234 275801 1768 277031 0.64
M100-240 400405 396763 396201 2283 397790 0.57
M100-360 482657 478502 477861 2604 479673 0.54
M100-480 554231 549671 548963 2859 550955 0.52
Table A2.7. Comparison of the total runoff volume (m3) variation between the three scales when
rainwater harvestings are connected to 50% of the blocks.
Simulation 2B2010 2N2010 2M2010 std Mean % difference
M5-30 47121 46569 44491 1387 46060 3.01
M5-60 74444 73722 70793 1933 72986 2.65
M5-90 93970 93119 89624 2303 92238 2.50
M5-120 109623 108669 104740 2588 107677 2.40
M5-240 156521 155279 150132 3388 153977 2.20
M5-360 191669 190222 184227 3946 188706 2.09
M5-480 222092 220481 213783 4406 218786 2.01
M100-30 112250 111163 107206 2654 110206 2.40
M100-60 182305 180887 175167 3779 179453 2.10
M100-90 234136 232457 225567 4541 230720 1.97
M100-120 275961 274073 266304 5118 272113 1.88
M100-240 396393 393962 383890 6629 391415 1.69
M100-360 478079 475307 463815 7563 472400 1.60
M100-480 549188 546150 533487 8328 542942 1.53
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Table A2.8. Comparison of the total runoff volume (m3) variation between the three scales when
rainwater harvestings are connected to 80% of the blocks.
Simulation 3B2010 3N2010 3M2010 Std Mean % difference
M5-30 42192 41931 43197 669 42440 1.58
M5-60 67538 67190 68970 944 67899 1.39
M5-90 85736 85325 87449 1126 86170 1.31
M5-120 100368 99907 102294 1266 100857 1.26
M5-240 144402 143800 146927 1659 145043 1.14
M5-360 177553 176851 180494 1933 178299 1.08
M5-480 206327 205545 209614 2159 207162 1.04
M100-30 102841 102331 104743 1271 103305 1.23
M100-60 168810 168127 171606 1843 169514 1.09
M100-90 217902 217090 221277 2221 218756 1.02
M100-120 257659 256746 261467 2504 258624 0.97
M100-240 372678 371500 377619 3247 373932 0.87
M100-360 451023 449679 456661 3704 452454 0.82
M100-480 519387 517912 525604 4082 520968 0.78
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Figure A2.5. Comparison of scaling up rainwater harvesting on the total runoff volume reduction
for a M5-30 event
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Figure A2.6. Comparison of scaling up rainwater harvesting on the total runoff volume reduction
for a M5-240 event
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Figure A2.7. Comparison of scaling up rainwater harvesting on the total runoff volume reduction
for a M100-240 event
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Figure A2.8. Total river flow volume urban development 2010 designed storm events
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Figure A2.9. Total river flow volume urban development 2050 designed storm events
Table A2.9. Comparison of the total river flow volume (m3) variation when rainwater harvesting
systems are implemented at household scales in development 2010.
Basecase 1B2010 2B2010 3B2010 %difference
1B2010
%difference
2B2010
%difference
3B2010
M5-30 110889 107684 104201.6 101692 3 6 8
M5-60 145055 142272 138843.4 134640 2 4 7
M5-90 174108 166648 163220.1 157332 4 6 10
M5-120 192878 189451 186136.7 176333 2 3 9
M5-240 251295 248210 245121.5 237169 1 2 6
M5-360 295537 292812 289959.1 280363 1 2 5
M5-480 333426 330498 328396.7 310012 1 2 7
M100-30 197442 192843 189285.7 182959 2 4 7
M100-60 283815 285104 276808.3 271183 0 2 4
M100-90 347980 343352 341564.3 331677 1 2 5
M100-120 398033 394837 390007.9 380894 1 2 4
M100-240 541177 537567 530002.1 520530 1 2 4
M100-360 637667 632535 632055.8 612845 1 1 4
M100-480 718923 712911 710048.5 691900 1 1 4
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Table A2.10. Comparison of the total river flow volume (m3) variation when rainwater
harvesting systems are implemented at neighbourhood scales in development 2010.
Basecase 1N2010 2N2010 3N2010
%difference
1N2010
%difference
2N2010
%difference
3N2010
M5-30 110889 101631 100108 95205 8.35 9.72 14.14
M5-60 145055 129326 127806 121319 10.84 11.89 16.36
M5-90 174108 148950 147052 140020 14.45 15.54 19.58
M5-120 192878 164976 163082 155086 14.47 15.45 19.59
M5-240 251295 216136 214807 202545 13.99 14.52 19.40
M5-360 295537 252412 251918 238525 14.59 14.76 19.29
M5-480 333426 283618 282897 268448 14.94 15.15 19.49
M100-30 197442 170704 168645 158455 13.54 14.59 19.75
M100-60 283815 241979 241862 231901 14.74 14.78 18.29
M100-90 347980 297561 296578 285431 14.49 14.77 17.98
M100-120 398033 338170 355203 328253 15.04 10.76 17.53
M100-240 541177 461140 461476 466493 14.79 14.73 13.80
M100-360 637667 542253 543053 530584 14.96 14.84 16.79
M100-480 718923 612433 613728 600222 14.81 14.63 16.51
Table A2.11. Comparison of the total river flow volume (m3) variation when rainwater
harvesting systems are implemented at municipal scales in development 2010.
Basecase 1M2010 2M2010 3M2010
%difference
1M2010
%difference
2M2010
%difference
3M2010
M5-30 110889 102141 99759 98755 7.89 10.04 10.94
M5-60 145055 129222 126159 124376 10.91 13.03 14.26
M5-90 174108 149071 145060 143448 14.38 16.68 17.61
M5-120 192878 164450 160479 157656 14.74 16.80 18.26
M5-240 251295 215244 205546 202283 14.35 18.21 19.50
M5-360 295537 251315 239628 235957 14.96 18.92 20.16
M5-480 333426 281985 268325 264612 15.43 19.52 20.64
M100-30 197442 171281 163635 161636 13.25 17.12 18.13
M100-60 283815 240654 234125 230356 15.21 17.51 18.84
M100-90 347980 294025 286001 281351 15.51 17.81 19.15
M100-120 398033 337859 326568 321205 15.12 17.95 19.30
M100-240 541177 456131 444014 439209 15.71 17.95 18.84
M100-360 637667 537866 524084 522526 15.65 17.81 18.06
M100-480 718923 608893 593031 603655 15.30 17.51 16.03
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Table A2.12. Comparison of the total river flow volume (m3) variation between the three scales
when rainwater harvestings are connected to 20% of the blocks.
Simulation 1B2010 1N2010 1M2010 std Mean %difference
M5-30 107684 101631 102141 3357 103819 3.23
M5-60 142272 129326 129222 7505 133607 5.62
M5-90 166648 148950 149071 10183 154889 6.57
M5-120 189451 164976 164450 14285 172959 8.26
M5-240 248210 216136 215244 18780 226530 8.29
M5-360 292812 252412 251315 23648 265513 8.91
M5-480 330498 283618 281985 27550 298700 9.22
M100-30 192843 170704 171281 12619 178276 7.08
M100-60 285104 241979 240654 25289 255912 9.88
M100-90 343352 297561 294025 27515 311646 8.83
M100-120 394837 338170 337859 32807 356955 9.19
M100-240 537567 461140 456131 45640 484946 9.41
M100-360 632535 542253 537866 53436 570884 9.36
M100-480 712911 612433 608893 59059 644746 9.16
Table A2.13. Comparison of the total river flow volume (m3) variation between the three scales
when rainwater harvestings are connected to 50% of the blocks.
Simulation 2B2010 2N2010 2M2010 std Mean %difference
M5-30 106602 100108 99759 3854 102156 3.77
M5-60 141243 127806 126159 8275 131736 6.28
M5-90 165620 147052 145060 11339 152577 7.43
M5-120 188537 163082 160479 15503 170699 9.08
M5-240 247521 214807 205546 22053 222625 9.91
M5-360 292359 251918 239628 27589 261302 10.56
M5-480 330797 282897 268325 32684 294006 11.12
M100-30 191686 168645 163635 14960 174655 8.57
M100-60 279208 241862 234125 24108 251732 9.58
M100-90 343964 296578 286001 30868 308848 9.99
M100-120 394918 355203 326568 34324 358896 9.56
M100-240 539772 461476 444014 50998 481754 10.59
M100-360 634456 543053 524084 59014 567198 10.40
M100-480 716248 613728 593031 65981 641003 10.29
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Table A2.14. Comparison of the total river flow volume (m3) variation between the three scales
when rainwater harvestings are connected to 80% of the blocks.
Simulation 3B2010 3N2010 3M2010 std Mean %difference
M5-30 101692 95205 98755 3301 98517 3.30
M5-60 134640 121319 124376 7078 126694 5.50
M5-90 157332 140020 143448 9210 146895 6.24
M5-120 176333 155086 157656 11630 162993 7.11
M5-240 237169 202545 202283 20063 214003 9.38
M5-360 280363 238525 235957 24916 251632 9.91
M5-480 310012 268448 264612 23895 283004 8.96
M100-30 182959 158455 161636 13263 167742 7.95
M100-60 271183 231901 230356 23144 244474 9.46
M100-90 331677 285431 281351 27628 299928 9.33
M100-120 380894 328253 321205 32284 343942 9.50
M100-240 520530 466493 439209 44123 469978 8.71
M100-360 612845 530584 522526 49051 556631 9.00
M100-480 691900 600222 603655 51778 632134 8.22
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Figure A2.10. Comparison of scaling up rainwater harvesting on the total river volume reduction
for a M5-240 event
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Figure A2.11. Comparison of scaling up rainwater harvesting on the total river volume reduction
for a M100-30 event
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Figure A2.12. Comparison of scaling up rainwater harvesting on the total river volume reduction
for a M100-240 event
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Table A2.15. Comparison of the total river flow volume (m3) variation when rainwater
harvesting systems are implemented at municipal scales in development 2050.
Basecase 1M2050 2M2050 3M2050
%difference
1M2050
%difference
2M2050
%difference
3M2050
M5-30 158826 156705 144772 136192 1 9 14
M5-60 209582 195005 185506 176826 7 11 16
M5-90 243768 226564 213655 204437 7 12 16
M5-120 271567 251554 236501 225833 7 13 17
M5-240 351190 323948 302638 288362 8 14 18
M5-360 409377 378123 351661 334367 8 14 18
M5-480 459208 422473 392642 372724 8 14 19
M100-30 276460 255883 241195 229548 7 13 17
M100-60 394383 360696 336337 319373 9 15 19
M100-90 474750 436738 406270 388084 8 14 18
M100-120 540941 493871 463668 443934 9 14 18
M100-240 714508 655256 622991 601044 8 13 16
M100-360 829059 760535 728244 703821 8 12 15
M100-480 924507 856124 811586 788303 7 12 15
Table A2.16. Comparison of the total volume (m3) variation between the three scales when
rainwater harvestings are connected to 20% of the blocks at the Carrickmines bridge river
gauge.
1B2010 1N2010 1M2010 std Mean % difference
M5-30 46890 44000 43442 1851 44777 4.13
M5-60 62709 56948 55970 3642 58542 6.22
M5-90 73912 66323 64840 4866 68358 7.12
M5-120 82734 73566 72025 5790 76108 7.61
M5-240 108691 95233 93110 8449 99011 8.53
M5-360 127870 111426 108803 10335 116033 8.91
M5-480 144289 125320 122307 11917 130639 9.12
M100-30 84382 74874 73428 5951 77561 7.67
M100-60 128458 107246 104791 13013 113498 11.47
M100-90 150363 130664 127736 12305 136254 9.03
M100-120 173051 149347 146205 14677 156201 9.40
M100-240 235009 203460 197658 20100 212042 9.48
M100-360 276400 238597 232792 23680 249263 9.50
M100-480 311818.9 269775 263371 26318 281655 9.34
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Table A2.17. Comparison of the total volume (m3) variation between the three scales when
rainwater harvestings are connected to 50% of the blocks at the Carrickmines bridge river
gauge.
2B2010 2N2010 2M2010 std Mean % difference
M5-30 46712 42758 41247 2822 43572 6.48
M5-60 62705 55468 53067 5017 57080 8.79
M5-90 73957 64340 61060 6703 66453 10.09
M5-120 82878 71498 67914 7813 74097 10.54
M5-240 109114 93168 87393 11250 96558 11.65
M5-360 128500 109554 102114 13605 113389 12.00
M5-480 145213 123449 114805 15669 127822 12.26
M100-30 84694 72917 69094 8131 75568 10.76
M100-60 123262 105179 98094 12978 108845 11.92
M100-90 151591 129709 120153 16117 133817 12.04
M100-120 174108 163672 137471 18875 158417 11.91
M100-240 237846 201742 186253 26474 208614 12.69
M100-360 279709 237795 219799 30741 245768 12.51
M100-480 316231 269002 249154 34457 278129 12.39
Table A2.18. Comparison of the total volume (m3) variation between the three scales when
rainwater harvestings are connected to 80% of the blocks at the Carrickmines bridge river
gauge.
3B2010 3N2010 3M2010 std Mean % difference
M5-30 43066 39651 41253 1709 41324 4.13
M5-60 58164 51710 52922 3430 54265 6.32
M5-90 67860 60288 61831 4001 63327 6.32
M5-120 76525 67065 67739 5278 70443 7.49
M5-240 100311 88008 87292 7318 91870 7.97
M5-360 118505 103932 101982 9030 108140 8.35
M5-480 134206 117755 114663 10505 122208 8.60
M100-30 77651 68577 69045 5109 71758 7.12
M100-60 113424 99592 98001 8483 103672 8.18
M100-90 140406 123241 119758 11054 127802 8.65
M100-120 162052 142736 136861 13180 147216 8.95
M100-240 222315 194490 186627 18752 201144 9.32
M100-360 262109 232293 224505 19848 239636 8.28
M100-480 296629 260712 254921 22594 270754 8.35
Annex2 Rainwater Harvesting results
Nathalie Bertrand Cranfield University PhD Thesis 2008
261
Table A2.19. Comparison of the total volume (m3) variation between the three scales when
rainwater harvestings are connected to 20% of the blocks at the Common's road river gauge.
1B2010 1N2010 1M2010 std Mean % difference
M5-30 104360 98829 99256 3078 100815 3.05
M5-60 137493 125310 125196 7067 129333 5.46
M5-90 160849 144075 144176 9655 149700 6.45
M5-120 179605 159373 158870 11829 165949 7.13
M5-240 235208 204684 203735 17904 214542 8.35
M5-360 276461 239006 237406 22101 250958 8.81
M5-480 311595 268287 266476 25543 282119 9.05
M100-30 183557 162675 163037 11953 169756 7.04
M100-60 272166 230741 229379 24319 244095 9.96
M100-90 326997 283585 279743 26243 296775 8.84
M100-120 376473 322542 320994 31593 340003 9.29
M100-240 512994 439485 434253 44029 462244 9.52
M100-360 603634 516747 512210 51524 544197 9.47
M100-480 680479 583801 579617 57063 614632 9.28
Table A2.20. Comparison of the total volume (m3) variation between the three scales when
rainwater harvestings are connected to 50% of the blocks at the Common's road river gauge.
2B2010 2N2010 2M2010 std Mean % difference
M5-30 103286 97302 96953 3560 99180 3.59
M5-60 136484 123788 122129 7853 127467 6.16
M5-90 159794 142155 140172 10802 147374 7.33
M5-120 178753 157511 154903 13082 163722 7.99
M5-240 234568 203499 197952 19735 212006 9.31
M5-360 276160 238414 230561 24378 248378 9.81
M5-480 311815 268013 258006 28618 279278 10.25
M100-30 182501 160503 157906 13513 166970 8.09
M100-60 265786 230448 222082 23198 239439 9.69
M100-90 327498 282429 271486 29688 293804 10.10
M100-120 376690 338871 310458 33227 342006 9.72
M100-240 514875 439737 422121 49260 458911 10.73
M100-360 605720 517779 498017 57336 540505 10.61
M100-480 683714 585264 563823 63935 610934 10.47
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Table A2.21. Comparison of the total volume (m3) variation between the three scales when
rainwater harvestings are connected to 80% of the blocks at the Common's road river gauge.
3B2010 3N2010 3M2010 std Mean % difference
M5-30 98390 92328 95951 3050 95556 3.19
M5-60 129887 117065 120350 6660 122434 5.44
M5-90 151557 135043 138557 8699 141719 6.14
M5-120 169761 149436 152080 11051 157092 7.03
M5-240 223181 194983 194689 16366 204284 8.01
M5-360 263733 229538 226886 20551 240053 8.56
M5-480 297983 258592 254291 24080 270289 8.91
M100-30 173118 152932 155898 10900 160649 6.78
M100-60 257576 220810 218908 21797 232431 9.38
M100-90 313926 272640 267205 25551 284590 8.98
M100-120 361730 313696 304982 30560 326803 9.35
M100-240 495595 427560 416764 42739 446640 9.57
M100-360 583936 507882 496501 47537 529440 8.98
M100-480 659729 571625 574701 50002 602019 8.31
Table A 2.22. Comparison of the total flow volume (m3) observed at the Carrickmines bridges
river gauge when weir is connect at three different location along the river within development
2050.
Node where weir is draining
E1 GR10 GR20 std mean
%
difference
M100-30 85770 85718 85717 30 85735 0.04
M100-60 125071 120774 120712 2499 122186 2.04
M100-90 145868 148899 149019 1785 147928 1.21
M100-120 166096 174554 174474 4860 171708 2.83
M100-240 222150 244638 244691 12999 237160 5.48
M100-360 257767 289953 290058 18613 279259 6.67
M100-480 289145 334595 328072 24575 317270 7.75
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Table A2.23. Comparison of the total flow volume (m3) observed at the Common's road river
gauge when weir is connect at three different location along the river within development 2050.
Table A2.24. Variation of peak flow for 2010 scenarios for household scale systems. at the
Carrickmines bridge river gauge.
Basecase 1B2010 2B2010 3B2010 %difference
1B2010
%difference
2B2010
%difference
3B2010
M5-30 10 10 10 8 -1.83 0.62 23.50
M5-60 12 12 12 10 -2.40 -3.87 15.05
M5-90 12 12 12 11 -1.65 -3.58 12.70
M5-120 12 12 12 10 -1.20 -3.39 10.81
M5-240 10 10 10 9 -0.09 -2.11 10.53
M5-360 9 9 9 8 0.87 -0.82 10.73
M5-480 8 8 8 7 1.70 0.34 11.07
M100-30 16 16 16 14 -2.33 -2.80 12.56
M100-60 18 19 19 17 -2.27 -3.43 9.49
M100-90 19 19 19 17 -2.36 -3.80 8.15
M100-120 19 19 19 17 -2.51 -4.09 7.42
M100-240 17 17 18 16 -2.50 -4.29 6.70
M100-360 16 16 16 15 -1.68 -3.37 6.46
M100-480 15 15 15 14 -1.07 -2.70 6.26
Node where weir is draining
E1 GR10 GR20 std mean
%
difference
M100-30 221623 221676 221669 28 221656 0.01
M100-60 313125 308682 308699 2560 310169 0.83
M100-90 374000 374393 374519 271 374304 0.07
M100-120 435602 429167 429144 3722 431304 0.86
M100-240 597448 581258 580763 9493 586490 1.62
M100-360 692488 679998 680007 7209 684164 1.05
M100-480 816146 767815 761377 29936 781779 3.83
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Table A2.25. Variation of peak flow for 2010 scenarios for neighbourood scale systems. at the
Carrickmines bridge river gauge.
Basecase 1N2010 2N2010 3N2010
%difference
1N2010
%difference
2N2010
%difference
3N2010
M5-30 10 9 9 7 6.63 8.73 29.11
M5-60 12 11 11 9 4.60 4.21 20.71
M5-90 12 12 12 10 3.24 2.13 15.11
M5-120 12 12 12 11 0.60 -0.57 10.06
M5-240 10 11 11 10 -8.29 -8.54 -0.87
M5-360 9 10 10 9 -14.12 -13.53 -6.24
M5-480 8 9 9 9 -16.16 -14.95 -10.78
M100-30 16 15 15 14 4.57 3.41 13.75
M100-60 18 18 18 17 2.92 0.96 8.72
M100-90 19 18 19 18 1.68 -0.44 6.04
M100-120 19 18 19 18 0.54 -1.89 3.64
M100-240 17 18 18 17 -3.87 -6.67 -1.86
M100-360 16 16 17 16 -5.04 -8.26 -3.70
M100-480 15 16 16 15 -4.55 -7.83 -3.38
Table A2.26. Variation of peak flow for 2010 scenarios for municipal scale systems. at the
Carrickmines bridge river gauge.
Basecase 1M2010 2M2010 3M2010
%difference
1M2010
%difference
2M2010
%difference
3M2010
M5-30 10 8 6 6 20.10 34.67 34.67
M5-60 12 10 8 8 15.49 29.58 29.58
M5-90 12 11 9 9 12.35 26.30 26.31
M5-120 12 11 9 9 8.89 23.00 23.01
M5-240 10 10 9 9 -0.49 12.79 12.77
M5-360 9 9 8 8 -7.00 5.56 5.85
M5-480 8 9 8 8 -9.82 2.20 2.66
M100-30 16 14 12 12 12.26 26.31 26.31
M100-60 18 16 14 14 9.85 21.32 21.31
M100-90 19 17 15 15 8.12 19.08 19.09
M100-120 19 17 15 15 6.95 17.72 17.76
M100-240 17 16 15 15 3.28 14.10 14.22
M100-360 16 15 14 14 2.00 12.45 12.61
M100-480 15 15 13 13 2.01 11.07 11.49
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Table A2.27. Comparison of the peak flow (m3/s) variation between the three scales when
rainwater harvestings are connected to 20% of the blocks at the Carrickmines bridge river
gauge.
1B2010 1N2010 1M2010 std Mean % difference
M5-30 10 9 8 1 9 12.06
M5-60 12 11 10 1 11 9.58
M5-90 12 12 11 1 11 7.45
M5-120 12 12 11 1 11 5.53
M5-240 10 11 10 0 10 4.49
M5-360 9 10 9 1 9 7.02
M5-480 8 9 9 1 9 8.38
M100-30 16 15 14 1 15 7.67
M100-60 19 18 16 1 18 6.30
M100-90 19 18 17 1 18 5.42
M100-120 19 18 17 1 18 4.91
M100-240 17 18 16 1 17 3.76
M100-360 16 16 15 1 16 3.47
M100-480 15 16 15 0 15 3.24
Table A2.28. Comparison of the peak flow (m3/s) variation between the three scales when
rainwater harvestings are connected to 50% of the blocks at the Carrickmines bridge river
gauge.
2B2010 2N2010 2M2010 std Mean % difference
M5-30 10 9 6 2 8 20.85
M5-60 12 11 8 2 11 19.39
M5-90 12 12 9 2 11 17.30
M5-120 12 12 9 2 11 15.47
M5-240 10 11 9 1 10 11.02
M5-360 9 10 8 1 9 9.44
M5-480 8 9 8 1 8 9.04
M100-30 16 15 12 2 15 16.84
M100-60 19 18 14 2 17 14.09
M100-90 19 19 15 2 18 13.00
M100-120 19 19 15 2 18 12.50
M100-240 18 18 15 2 17 11.49
M100-360 16 17 14 2 16 10.86
M100-480 15 16 13 1 15 9.79
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Table A2.29. Comparison of the peak flow (m3/s) variation between the three scales when
rainwater harvestings are connected to 80% of the blocks at the Carrickmines bridge river
gauge.
3B2010 3N2010 3M2010 std Mean % difference
M5-30 8 7 6 1 7 7.88
M5-60 10 9 8 1 9 9.36
M5-90 11 10 9 1 10 8.86
M5-120 10 11 9 1 10 8.51
M5-240 9 10 9 1 9 7.91
M5-360 8 9 8 1 8 9.05
M5-480 7 9 8 1 8 11.13
M100-30 14 14 12 1 13 9.24
M100-60 17 17 14 1 16 8.13
M100-90 17 18 15 1 17 7.88
M100-120 17 18 15 1 17 8.08
M100-240 16 17 15 1 16 8.59
M100-360 15 16 14 1 15 8.68
M100-480 14 15 13 1 14 7.92
Table A2.30. Comparison of the peak flow (m3/s) variation between the three scales when
rainwater harvestings are connected to 20% of the blocks at the Common's bridge river gauge.
1B2010 1N2010 1M2010 std Mean % difference
M5-30 8 7 7 0 7 6.07
M5-60 11 10 9 1 10 9.10
M5-90 13 12 11 1 12 8.40
M5-120 14 13 12 1 13 8.20
M5-240 15 14 14 1 14 5.88
M5-360 15 14 14 0 14 3.26
M5-480 14 14 14 0 14 1.76
M100-30 16 14 14 1 15 8.22
M100-60 21 19 19 1 20 6.77
M100-90 24 22 21 1 22 6.11
M100-120 26 24 23 1 24 5.88
M100-240 29 26 26 2 27 6.35
M100-360 29 27 27 2 28 5.65
M100-480 29 27 27 1 28 4.37
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Table A2.31. Comparison of the peak flow (m3/s) variation between the three scales when
rainwater harvestings are connected to 50% of the blocks at the Common's bridge river gauge.
2B2010 2N2010 2M2010 std Mean % difference
M5-30 7 7 7 0 7 5.61
M5-60 11 10 9 1 10 9.22
M5-90 13 12 11 1 12 8.65
M5-120 14 13 12 1 13 8.35
M5-240 15 14 14 1 14 6.15
M5-360 15 14 14 0 14 3.46
M5-480 14 14 14 0 14 1.92
M100-30 16 14 14 1 15 8.13
M100-60 21 19 19 1 20 6.72
M100-90 24 22 21 1 22 6.19
M100-120 26 24 23 1 24 5.97
M100-240 29 26 26 2 27 6.50
M100-360 30 27 27 2 28 5.83
M100-480 29 27 27 1 28 4.61
Table A2.32. Comparison of the peak flow (m3/s) variation between the three scales when
rainwater harvestings are connected to 80% of the blocks at the Common's bridge river gauge.
3B2010 3N2010 3M2010 std Mean % difference
M5-30 7 6 6 0 7 2.74
M5-60 10 9 8 1 9 7.86
M5-90 12 10 10 1 11 7.96
M5-120 13 11 11 1 12 7.79
M5-240 14 13 12 1 13 6.19
M5-360 13 13 12 1 13 4.40
M5-480 13 13 12 0 13 3.69
M100-30 14 13 12 1 13 9.33
M100-60 20 19 17 1 19 7.30
M100-90 23 21 20 1 22 6.66
M100-120 25 23 22 1 23 6.30
M100-240 28 26 25 2 26 6.77
M100-360 28 27 25 2 27 5.98
M100-480 28 27 25 1 27 5.01
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Table A2.33. Comparison of the peak flow (m3/s) observed at the Carrickmines bridges river
gauge when weir is connect at three different location along the river
Table A2.34. Comparison of the peak flow (m3/s) observed at the Common's road river gauge
when weir is connect at three different location along the river
Node where weir is draining
E1 GR10 GR20 std mean
%
difference
M100-30 17 17 17 0 17 0.00
M100-60 20 20 20 0 20 0.04
M100-90 21 21 21 0 21 0.00
M100-120 21 21 21 0 21 1.25
M100-240 20 22 26 3 23 12.53
M100-360 19 22 25 3 22 13.81
M100-480 18 22 25 3 22 14.45
Node where weir is draining
E1 GR10 GR20 std mean
%
difference
M100-30 27 27 27 0 27 0.10
M100-60 37 37 37 0 37 0.17
M100-90 41 41 41 0 41 0.18
M100-120 43 43 43 0 43 0.66
M100-240 46 44 44 1 45 1.41
M100-360 44 43 43 1 43 1.96
M100-480 43 42 42 1 42 2.52
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Table A2.35. Total weir overflow in m3 for household scale in 2010.
1B2010 2B2010 3B2010
M5-30 0 0 66
M5-60 139 460 441
M5-90 346 713 1087
M5-120 472 1181 1677
M5-240 1243 2735 4184
M5-360 1929 4331 6274
M5-480 2467 5546 8146
M100-30 511 1131 1727
M100-60 1759 4077 5304
M100-90 2649 6048 8971
M100-120 3477 7949 12143
M100-240 5233 12819 19033
M100-360 6433 15334 23328
M100-480 7349 17681 26513
Table A2.36. Total weir overflow in m3 for neighbourhood scale in 2010.
1N2010 2N2010 3N2010
M5-30 183 24 233
M5-60 526 414 1339
M5-90 918 600 2050
M5-120 1141 1268 2692
M5-240 2171 3370 6908
M5-360 2873 4971 10613
M5-480 3308 5791 12365
M100-30 1029 1104 3187
M100-60 2734 4389 8845
M100-90 3666 6654 14641
M100-120 4554 19161 17942
M100-240 6552 13266 31451
M100-360 7864 16015 32897
M100-480 8471 18398 36920
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Table A2.37. Total weir overflow in m3 for municipal scale in 2010.
1M2010 2M2010 3M2010
M5-30 1802 4779 7161
M5-60 2482 6642 10000
M5-90 3024 8439 12062
M5-120 3375 9038 13570
M5-240 4413 11756 19094
M5-360 5156 13604 20784
M5-480 5618 14741 22746
M100-30 3470 8857 12930
M100-60 4940 13068 20256
M100-90 5913 15493 23820
M100-120 6460 17764 26260
M100-240 8912 24872 36340
M100-360 9752 26406 41640
M100-480 10770 29465 44712
Table A2.38. Total weir overflow in m3 for municipal scale in 2050.
1M2050 2M2050 3M2050
M5-30 0 0 0
M5-60 0 0 0
M5-90 0 0 0
M5-120 0 0 0
M5-240 0 0 0
M5-360 0 0 0
M5-480 307 0 0
M100-30 0 0 0
M100-60 0 0 0
M100-90 1063 1262 2828
M100-120 2614 5030 8738
M100-240 6389 14690 23698
M100-360 8868 20567 33340
M100-480 10573 24855 38077
Annex2 Rainwater Harvesting results
Nathalie Bertrand Cranfield University PhD Thesis 2008
273
0
5
10
15
20
25
30
35
0 5 10 15 20 25
% reduction in contributing storm area (ha)
%

re
du
ct
io
n

in

riv
er

flo
o
d
v
o
lu
m
e
Neighbourood scale Municipal scale Household scaley = 1.0157x - 1.8087
R2 = 0.6736
Figure A2.15. Comparison of scaling up rainwater harvesting on the total river flood reduction
for a M5-240 event.
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Figure A2.16. Comparison of scaling up rainwater harvesting on the total river flood reduction
for a M100-30 event.
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Figure A2.17. Comparison of scaling up rainwater harvesting on the total river flood reduction
for a M100-240 event.
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Figure A2.18. Comparison of the pumping hours per month for the 5 year present time (1981-
1985).
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Figure A2.19. Comparison of the pumping hours per month for the 5 year present time (2075-
2079).
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Annex 3 Additional results from
combined technologies simulations
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